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 SUMMARY  
In this research work, we introduce a new type of biofuel, pine oil, for 
the purpose of fueling diesel engine. Significantly, pine oil biofuel is unique in 
that the feedstock originates from forest and is produced from the resins of 
pine tree through steam distillation process. Pine oil has been identified to 
contain terpineol (C10H18O), a higher alcohol, along with pinene (C10H16), 
which is an alicyclic hydrocarbon. Notably, the viscosity, boiling point and 
flash point of pine oil were observed to be lower than diesel, qualifying as a 
suitable alternate fuel under less viscous biofuel category. When compared to 
less viscous alcohols as well as high viscous biodiesel, pine oil has 
comparable calorific value with diesel, which forms the profound advantage 
and distinction of the proposed fuel herein. In addition to the evaluation of 
physical and thermal properties of pine oil, fundamental study on evaporation 
and spray was performed and the evaporation and spray characteristics for 
pine oil were found to be superior to diesel.    
Having ensured that pine oil is conducive for its use in a diesel engine, 
it was experimentally investigated in a diesel engine in three different modes 
viz, blend, dual and sole fuel modes. From the basic experimental testing of 
pine oil – diesel blends, 50D:50B (50% diesel + 50% pine oil) was found to be 
the optimum blend because for blends beyond this proportion, the engine 
suffered knocking, especially at higher loads. However, the lower cetane 
number of pine oil affected the fuel ignition and increased the NOX emission 
for 50D:50B. To avert this, we carried out two optimization studies by adding 
ignition promoters, Iso-amyl nitrate and Di-tertiary butyl peroxide, with 
50D:50B and by implementing after treatment methodology of SCR+CC 
(selective catalytic reduction + catalytic converter) assembly in the tail pipe 
when fueled by the reported optimum blend. Besides blending pine oil with 
diesel, it was also blended with biodiesel in various proportions to form 
double biofuel, a strategy aimed at eliminating the use of diesel completely. In 
another attempt to elude the use of diesel completely, we operated pine oil in 
sole fuel mode, after providing ignition assistance by preheating the inlet air 
and installing a glow plug in the combustion chamber. Finally, considering the 
long term prospects of pine oil in blend as well as sole fuel mode, it was 
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operated in dual fuel mode, wherein pine oil was fumigated and inducted 
through the inlet manifold, while diesel was injected through the main fuel 
injection system. Prior to conducting engine experiments, the evaporation 
characteristics of pine oil being fumigated in the inlet manifold of the engine 
were studied through suspended droplet experiment so as to get better insights 
on pine oil droplet evaporation at various temperatures.  
In the last phase of this research work, a numerical investigation on 
pine oil combustion and emission was accomplished through three 
dimensional CFD code, KIVA4. In this regard, a single step global reaction 
was developed for pine oil combustion and advanced fuel properties of pine 
oil were predicted through property prediction models in order to update the 
fuel library of KIVA4. Finally, the simulation results such as heat release rate 
and in-cylinder pressure were compared with the experimental data and the 
proposed model for pine oil combustion was validated.   
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1. Introduction 
1.1. Crude oil crisis and surge in petroleum fuel price 
The world is confronted with an alarming energy crisis as the available 
energy resources have started dwindling with the rapid rise in population and 
industrial growth [1]. Characteristically, the per capita energy consumption of 
Asia specific region is reportedly higher and this has imposed a threat on the 
availability of conventional energy sources such as crude oil and coal. In 
particular, the crude oil reserves are drastically deprived due to rise in its 
consumption [2] and this has resulted in decline in country’s self-sufficiency 
and energy security. Therefore, every nation continue to import large 
quantities of crude oil and inadvertently, the import of oil from the leading 
foreign nations, major contributor being Saudi Arabia, has had adverse effect 
on the overall availability of crude oil [3]. Over and all, the oil reserves are 
believed to dwindle in the near future and the expected decline in the 
forthcoming years has been duly predicted by Chefurka [4] as shown in Figure 
1.1. Amid all rhetoric talks on oil boom, given new technological advances in 
oil recovery and discovery, the undisputable truth is that the rate of 
consumption of oil is growing much faster than its production growth. As a 
consequence of demand growing higher than supply, the price of the crude oil 
has been soared up to higher levels.  
As a case in point, India’s dependence on foreign oil, barring the 
refinery requirement, for domestic consumption of petroleum products alone 
contributes to 76%, as per Petroleum Planning and Analysis Cell data [5]. 
Though the figures are still lower than refinery requirement, which amounts to 
83.5%, the dependence on foreign nation for domestic petroleum requirements 
has placed the country’s prospect of self-sufficiency farfetched. Statistically, 
domestic demand met through the products generated from indigenous crude 
oil has declined from 25.1% in 2007-08 to 24.1% in 2011-12, owing to the rise 
in consumption of crude oil [6]. If this trend is likely to prevail, India’s 
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dependence on foreign oil is projected to reach more than 90% by 2030, 
according to U.S. Department of Energy [7]. The increase in demand, 
accompanied by surge in price of crude oil, has raised the crude oil import bill 
and this has drastically affected India’s economy and policy. The same is the 
case for each and every developing country such as China, Malaysia, 
Indonesia and other Asian countries.  
 
Figure 1.1: Estimated world oil production 
1.2. Environmental degradation with the use of petroleum fuels 
While there is growing dependence on crude oil and subsequent 
increase in its price, it is worthwhile to examine its utility in various 
applications and diversify its requirement by respective sectors. Mostly, the 
crude oil imported is capitalized for production of petroleum products like 
diesel, petrol, natural gas and so on. These petroleum based fuels provide a 
major supply of energy for transportation, industrial and agricultural 
applications [8]. Significantly, the automobile industry has witnessed an 
exponential growth and this in turn had led to the development of numerous 
internal combustion engines for both light and heavy duty applications [9]. A 
recent report by an international organization of motor vehicle manufacturers 
summarizes that there has been a 26% increase in production of transportation 
vehicles in the year 2010 and about 80 million vehicles were produced in the 
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year 2011 alone [10]. Especially, diesel engines have found versatile 
applications for its fuel economy and cheaper price compared to gasoline 
engines. Besides being prominently used in transportation sector, diesel engine 
plays a vital role in power generation for diversified applications such as 
industrial, agricultural and marine. Characteristically, there are few 
distinctions from the design and operational point of view between the diesel 
engine used in transport and other applications. For the former application, 
engine manufacturers have conceptualized the working of the engine at 
various operating and driving conditions whereas, the latter application avails 
generators or constant speed diesel engine to produce the power. The design of 
the generator set is tailored for a particular application wherein, the demands 
are straightforward like generation of electricity or power production for 
domestic use. Typically, these generators are available in different assortments 
to meet the small, medium and high power requirements.  
With the burgeoning growth and development of diesel engines for 
variety of applications, the demand for petroleum diesel has been on the rise 
and the repercussion of this has been already felt by increase in its price. In 
addition, another affliction that is being contended is the environmental 
damage caused by the burning of fossil fuels. With the onset of 
industrialization and rapid growth in the transportation sector, the emission of 
greenhouse and other poisonous gases have become a rampant issue to 
confront with and environmentally, damage caused by them are devastating 
and brutal. Moreover, over the past few decades, the carbon reduction targets 
have been put out of reach and the world is at the brink of catastrophic climate 
change. Already, the world is committed to a certain degree of climate change 
due to the continuous emission of greenhouse gases (GHGs). Over the next 20 
years, we can expect a global warming of 0.2°C per decade and looking 
towards the future, even if the levels of greenhouse gases could have been 
maintained at the same concentrations as in 2000, the prognosis was for a 
further warming of 0.1°C per decade. Going further, based on the model for 
evaluating the various emissions, a recent survey has predicted a rise in global 
earth temperature of about 1.8ºC to 4.0ºC by 2100, as shown in Figure 1.2, 
which is very catastrophic and dangerous. In the wake of all these climatic 
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changes and environmental disaster, both developed and developing countries 
continue to grapple with politics and practicalities of emission reduction. In 
this regard, there has been a major appeal by environmental protection 
agencies to bring down the global earth temperature to amenable levels. 
Moreover, the other emissions such as CO, NOX and smoke could cause 
ruinous effect on atmosphere if not precisely contained [11]. In the wake of all 
these issues, the international panel on climate change has reiterated the need 
to mitigate these emissions from being released to the atmosphere [1]. 
 
Figure 1.2: Prediction of global average surface temperature of earth 
1.3. Development of alternate fuels 
One solution that helps to resolve the twin crisis of petroleum fuel 
depletion and devastating effect on environment is to move towards renewable 
fuels. In particular, replacement of petroleum fuel by biomass based fuels, 
which are naturally available and greener, could help avert both the energy 
and environmental crisis. In this backdrop, it is rational to conceive alternate 
sources of fuel, especially for diesel engine as it is being used as the vital 
prime mover in diversified applications. This measure would not only avert 
the twin crisis, but also would help encounter electricity deficit in many areas 
as stationary diesel engine is primarily being used in many industries and 
household places to produce electricity. Thus, research on alternate fuels 
would provide the necessary solution to above stated multifarious problems, 
enabling improvement in nation’s economy on the whole.  
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1.3.1. Biofuel - Promising alternate fuel for diesel engine  
Considering the future energy security, sustainability and 
environmental damage, the study on various alternate, clean and renewable 
sources of fuel has grabbed the interest and attention of many researchers [12-
14]. As such, biofuels are being considered as potential alternate fuels for 
diesel engine applications over the past few decades [15, 16]. Generally, 
biofuel is the name given to the type of fuel derived from plant based sources 
and biomass, and are believed to gratify the demands of petroleum fuels in the 
near future [17]. According to US Department of Agriculture and Energy [18], 
US can grow biomass feedstock to satisfy around 30% of its current gasoline 
needs by 2030 on a sustainable manner without converting any of its current 
croplands. The same study, through an extensive analysis, has estimated that 
1.3 billion tons of biomass raw materials can be used to produce 3 billion 
gallons of ethanol by 2015. In the same note, each country has their own 
protocol in developing and utilizing various biofuels.  
In the past decade, studies on exploration of new biofuels and 
subsequent measures to make them feasible for their operation in diesel engine 
have been progressing in a brisk pace, mainly with an intent to meet the 
demand for petroleum fuels. Generally, these bio derived fuels can be 
classified as vegetable oils, esters (biodiesel), alcohols, ethers, carbonates and 
acetate compounds [19, 20]. Distinctly, the presence of inherent oxygen in 
these biofuels, unlike conventional fuels, offers immense benefits in respect of 
engine combustion, performance and emission. Biofuels, in addition to being 
renewable and biodegradable, have considerably reduced the level of exhaust 
gases like HC, CO and smoke emissions [21-23], when being used in diesel 
engine. Most significantly, CO2 emission, the greenhouse gas, which cause 
global warming, has been reported to be reduced [24, 25].  
1.3.1.1. High viscous biofuels 
It has been ages since there has been a greater exhortation by 
researchers around the world to use vegetable oil as a replacement for diesel 
[26, 27]. Though certain properties of vegetable oil make it as a favorable 
alternate fuel for diesel engine, its higher viscosity is likely to cause durability 
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and operation problems when being used in long term [28]. Later on, some 
investigators reported techniques to mitigate the problems associated with the 
higher viscosity of vegetable oil which includes blending it with diesel, 
preheating it and modifying the engine design or operating parameters (piston, 
injector etc.) [29]. Even after these changes, some problems such as increased 
carbon deposits and contamination of lubricating oil persisted [30]. To combat 
these issues, researchers came up with biodiesel [31-33], an ester, derived 
from vegetable oils through trans-esterification process in the presence of 
alkaline catalyst, KOH, or acid catalyst, H2SO4 [34-36]. By the conversion of 
triglycerides to methyl ester, the molecular weight and viscosity have been 
reduced by one-third and one-eighth, respectively, of the triglycerides [37]. 
Thus, after trans-esterification process, the properties of the biodiesel are 
found to be conducive for its use in diesel engine. In recent times, there have 
been quite a number of reports about using biodiesel in blends with diesel and 
considering its improved qualities, researchers have conceded to blend 20% of 
biodiesel with diesel [31]. This in turn has provoked the search of 
commensurate source of vegetable oil for biodiesel production and currently, 
the production and characterization of biodiesel have taken rapid strides. 
Recent studies on engine performance using biodiesel have shown significant 
improvements when compared to that of diesel [38, 39]. Furthermore, gaseous 
emissions such as smoke, HC, CO and CO2 were also found to be reduced at 
the expense of slight increase in NOX emission [40-43]. Amid all those 
increasing attentions on the production and characterization of biodiesel as a 
substitute for petroleum fuels, few disadvantages like higher feedstock cost, 
inferior storage and oxidative stability, lower heating value, low temperature 
operability and higher NOX emission [37] are associated with it. 
Economically, though greener to environment, it was not cost competitive 
when compared to other petroleum fuels [44] and hence it was concealed from 
being used as fuel in early stages. However, the present petroleum fuel crisis 
and the demand for energy have renewed the interest in the development and 
exploration of vegetable oil for synthesizing biodiesel. The current regulation 
authenticates biodiesel production from inedible oil as edible oils would affect 
the food supply and moreover, the cost of it is also higher [31, 45, 46]. 
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1.3.1.2. Less viscous biofuels 
With the production and utilization of vegetable oil based esters as an 
alternate and renewable fuel for diesel engine prospering at one end, 
researchers have also indulged in the exploitation of less viscous fuels such as 
alcohols, eucalyptus oil, orange oil and camphor oil for operating them in 
diesel engine [47-50]. These biofuels, which are deemed to be synthesized 
from plant parts, unlike triglycerides (vegetable oils), have the common 
feature of lower cetane number and viscosity. Despite its lower ignition 
quality, these fuels could be used in diesel engine by blending it with diesel, 
which is regarded as the simplest way to use alcohol or other less viscous fuels 
in diesel engine [51]. Nonetheless, there have been many limitations imposed 
with the blending of these fuels with diesel and therefore, mixing lower 
proportions of these fuels with diesel has been recommended [52, 53]. 
Moreover, the solubility of less viscous fuels in diesel is complicated as it may 
be prone to separation at cold condition. However, the encountered separation 
problem could be overcome by adding emulsifier or additives that would help 
enhance splash blending of ethanol and diesel [54, 55]. Apart from this 
setback, the reported less viscous fuels also suffers from other disadvantages 
such as lower lubricity and higher auto ignition temperature [56, 57]. In spite 
of these pitfalls, researchers have pointed out some advantages with these 
fuels such as improved atomization, better air/fuel mixing and enhanced 
combustion, emission and performance characteristics, when used in a diesel 
engine without any modifications [58, 59].  
Similar to alcohols, the world has also witnessed either diethyl ether or 
di-methyl ether as a commensurate source of fuel for diesel engine [60-66]. A 
recent investigation confided the use of DME as a clean high-efficiency 
compression ignition fuel since it duly reduces emissions [61], especially its 
ability to diminish both NOX and soot simultaneously. Despite mitigating the 
NOX – soot tradeoff, the engine requires a new fuel storage and delivery 
system while using DME as an alternate fuel for diesel engine. A recent study 
also exposed the fact that ethanol could be easily converted into DEE through 
dehydration process and is being viewed as a significant component for 
compression ignition engine [67].  
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1.4. Problem statement and research objectives  
From the above discussion, it is certain that more research on the 
exploration of different biofuels for diesel engine application has been 
incepted in the past. Though biomass based fuels have been brought to light, 
the availability of these fuels may not be sufficient to meet the country’s 
demand for petroleum fuel. For instance, in a country like India, to meet the 
requirement of 200 billion gallons of fuel [68], the prominent biodiesel – 
Jatropha would alone be not sufficient. Therefore, invasion of many novel 
biofuels would help deal with the availability and also enable every nation to 
attain self-sufficiency, besides protecting the environment from harmful 
emissions. According to the location and climatic conditions, each region of 
the country can develop their own indigenous biofuels so that a country cannot 
solely rely on a particular type of biofuel. This measure, besides solving the 
availability issue, would also prevent the transportation of biofuels to varied 
locations. Furthermore, the task is not only limited to the development of new 
biofuels to resolve the petroleum scarcity and the availability issue, but also to 
optimize the use of them in a diesel engine. Since diesel engine has been 
accustomed to use diesel fuel alone, use of biofuels would pose few problems 
pertaining to the durability of the engine due to the distinct properties of them. 
Therefore, the engine has to undergo few modification; either with the design 
or operating conditions. Foreseeing the future, more studies on optimization of 
diesel engine to suit the conceived novel biofuels have to emerge. Though 
20% of biofuel have been mandated to be used in blends with diesel in an 
unmodified diesel engine, research is required to help maximize the utility of 
biofuel beyond this composition. In this backdrop, as a solution for the 
contentious issues of petroleum fuel depletion, environmental degradation and 
availability of biomass fuel to attain self sufficiency of a nation, we have 
framed the main objective of this research work to explore novel biofuels for 
diesel engine applications. Secondly, in order to avert durability problems with 
the proposed biofuel, we have targeted to optimize the diesel engine. The 
problems identified and solutions to them have been elucidated in Figure 1.3, 
which also explains the objectives of the current research study. 
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Figure 1.3: Problem statement and objectives of the current research work 
Thus far, large varieties of vegetable oil based fuel, biodiesel, have 
been identified as renewable sources of fuel and their utility in diesel engine 
have been realized. Reportedly, these vegetable oil based fuels are highly 
viscous and therefore, it suffers poorer atomization and combustion when 
being used in diesel engine. In addition, researchers have also identified fuels 
with lower viscosity, which not necessarily possess higher FFA content like 
vegetable oil based fuels, as alternate sources of renewable fuel for diesel 
engine. Unlike vegetable oil based fuels, these fuels are reported to have better 
atomization, which enhances the engine combustion and performance. Thus 
far, less viscous fuels identified are alcohols, ethers and certain plant based 
biofuels, as noted from the above discussion. Given the two categories of 
biofuels, less has been explored on the category of less viscous plant based 
fuels despite its immense advantages such as better fuel atomization, air/fuel 
mixing process and improved engine characteristics. Therefore, a research 
study on the lines of exploring less viscous fuel and optimizing its application 
in diesel engine has to be reinforced not only to provide solutions for the 
above stated problems but also to achieve better engine performance and 
emission with the developed biofuels.  
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1.5. Research plan and outline 
To set forth this research work with the above stated objectives, a 
comprehensive literature review on the existence of various less viscous fuels 
and their operational feasibility in a diesel engine has been made initially, as 
elucidated in Chapter 2. Intriguingly, after extensive search, we confronted 
with pine oil, a biofuel produced from the resins of pine tree, which has not 
been viewed as a potential candidate for diesel engine by previous researchers. 
As such, in this work, we have introduced pine oil as an alternate fuel for 
diesel engine and the operational feasibility of it has been studied. Considering 
the issues of drivability, comfort and other practical issues, in this research, 
stationary diesel engine was chosen because of its flexibility in operation and 
ease with conducting parametric study, especially for research purpose. 
Besides conceiving the novel pine oil biofuel, the task of this study further 
delineates to comprehensively test the physical and thermal properties, 
conduct fundamental studies on evaporation and spray characteristics, perform 
engine characterization study by adopting three different strategies and 
execute a numerical modeling on engine combustion and emission. The 
detailed research plan and outline of the thesis has been summarized below.  
As pine oil is a novel biofuel and there was no precedence available in 
the literature, a GC-MS analysis was performed to evaluate the constituents 
present in it. Subsequently, before indulging in the experimental studies with 
the diesel engine, the physical and thermal properties of the conceived pine oil 
biofuel were analyzed and compared with diesel as well as other contemporary 
biofuels. With the assurance of pine oil being classified under less viscous 
fuels, we also performed fundamental studies on fuel spray and evaporation to 
enable better comprehension of the physics behind the fuel characteristics. In 
this connection, suspended droplet experiment was conducted to examine the 
evaporation characteristics such as droplet regression rate, evaporation time 
and rate of pine oil droplet. Followed by this, spray characteristics such as 
spray penetration length and cone angle were evaluated for pine oil and 
compared with diesel. In addition to these studies, TGA analysis of pine oil 
was conducted and all these information regarding the fuel characterization 
has been discussed in Chapter 3. Finally, the experimental arrangements of the 
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test engine and the other details pertaining to the engine instrumentation have 
also been explained in this chapter. Notably, the methodology involved in the 
evaluation of engine performance and combustion, related calculations and 
principle by which the emissions have been measured are explained.  
From the detailed review on the operational feasibility of less viscous 
fuels (Chapter 2), they are well known to be operated in blend, dual and sole 
fuel mode. With this token, the identified pine oil was operated in three 
reported strategies in a stationary diesel engine and its performance, emission 
and combustion characteristics are evaluated. Initially, pine oil was blended 
with diesel in various proportions and the engine characteristics were 
evaluated. Followed by this, to reduce the NOX emission, which is reported to 
be higher for all less viscous fuels due to its lower cetane number, an after 
treatment strategy was implemented. As such, SCR, the strategy involving the 
spraying of urea in the tail pipe of the engine, was incorporated along with a 
CC assembly. After which, the engine with SCR and CC assembly was tested 
for its characteristics, when fueled by pine oil – diesel blends. Having 
identified this approach to be laborious and expensive, we contemplated on a 
fuel modification strategy to mitigate NOX emission, without modifying the 
engine. In this respect, addition of ignition promoters was identified to reduce 
NOX emission and therefore, two additives namely IAN and DTBP were 
chosen to be added with optimum pine oil – diesel blend and the engine 
characteristics were appraised. With the realization of three experimental 
ventures of pine oil in blend fuel mode, including the basic as well as 
optimization studies, we shifted our focus to employ a double biofuel strategy. 
As such, instead of blending it with diesel, less viscous pine oil was blended 
with high viscous biodiesel, so that the properties of the two contrasting fuels 
could be mutually balanced. Further, since both the fuels being used are 
renewable, this measure would serve as an attempt to completely eliminate the 
use of fossil fuel in a diesel engine. Therefore, suitable blends of pine oil was 
mixed with kapok methyl ester, a biodiesel produced from kapok oil, and was 
tested in a diesel engine without any modification, after ensuring the integrity 
of the prepared blends. In another attempt to completely elude the use of 
diesel, we deliberated to operate pine oil in sole fuel mode. After introspecting 
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the available techniques, we decided to preheat the inlet air of the engine and 
implement a glow plug in the combustion chamber so as to support the 
ignition of pine oil. Therefore, pine oil was operated as neat fuel in diesel 
engine by preheating the inlet air to various temperatures and the engine 
characteristics were evaluated. The blend and sole fuel operational modes of 
pine oil have been elucidated in Chapter 4.  
After successfully experimenting pine oil biofuel in blend and sole fuel 
mode, it was operated in dual fuel mode. Dual fuel mode was opted out, 
considering that less viscous fuel would be prone to injector leaks and pump 
wear when being used in long term. Therefore, dual mode of operation was 
considered to be more effective and in the current work, it was realized by 
invoking the concept of fumigation. Since pine oil is a less viscous fuel, in the 
likes of alcohols, it was fumigated in the inlet manifold of the engine, while 
diesel was injected through main injection system. For accomplishing 
fumigation of pine oil, the inlet air has to be preheated and to prejudice the 
preheat temperature of air in the inlet manifold, suspended droplet 
experiments were carried out. From this experiment, the evaporation of the 
pine oil at different temperatures were studied and this experiment was 
extended to other less viscous fuels such as ethanol, methanol and gasoline so 
as to make a comparative analysis on the evaporation characteristics of all 
reported fuel. Based on the results of this study and thermal stability analysis 
of pine oil, the preheat temperature of the inlet air was decided and by this 
measure, vaporized pine oil mixture was inducted through the inlet manifold 
into the engine cylinder. Finally, for the various proportion of pine oil 
injected, the performance, emission and combustion characteristics of the 
engine were evaluated. The engine fumigation study and suspended droplet 
study using pine oil have been explained in Chapter 5.  
In addition to the experimental ventures, numerical studies to model 
combustion and emission for pine oil biofuel have been reckoned. 
Unfortunately, when compared to experimental studies, numerical 
investigation of various biofuels is at dearth due to the imminent demand of 
chemical reaction mechanism and associated chemical kinetics. Pine oil is no 
exception to it and since it is a novel biofuel, reaction mechanism on its 
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combustion and chemical kinetics data were not available in open literature. 
Therefore, to start with, a single step chemical kinetic reaction for pine oil 
combustion was developed and has been used with three dimensional CFD 
code, KIVA4 to simulate the combustion and emission. As a matter of fact, in 
addition to chemical kinetic reaction mechanism, some advanced properties of 
pine oil are necessary for conducting engine simulation study. Therefore, from 
the composition of pine oil, the critical properties such as critical pressure, 
critical temperature, critical volume, surface tension, liquid viscosity, liquid 
density, liquid thermal conductivity, latent heat of vaporization, enthalpy and 
gas diffusion co-efficient were evaluated based on the fuel property prediction 
models. Subsequently, the fuel library of KIVA4 was incorporated with the 
comprehensive set of properties, as listed above. Finally, with the newly 
developed single step global kinetic reaction mechanism and the modified fuel 
library of KIVA4, engine simulations were performed and results such as heat 
release rate and in-cylinder pressure were compared with the experimental 
data so as to validate the model, as described in Chapter 6.  
Finally, in Chapter 7, conclusions of the research work and 
recommendations for future study using pine oil biofuel are provided. 
Significantly, recommendations to improve the performance and emission 
under each mode of operation of pine oil viz blend, dual and sole fuels have 
been given. Further, the future prospect of pine oil as potential renewable fuel 
has been critically discussed, providing ample scope of future study to the 
budding researchers on the realm of alternate fuels.  
1.6. Novelty and significant contributions of the research work 
 This research work is novel on the aspects of introducing a new type 
of biofuel for diesel engine application. This study is original and could be an 
important contribution to the scientific community due to the following 
reasons,  
1. First and foremost, it is worthwhile to firmly emphasize that pine oil is 
a unique identification and is not like the conventional biodiesel. 
Notably, the raw material used for the synthesis of pine oil is pine 
oleoresins, which is significantly different from the vegetable oil based 
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sources. Though variety of biodiesel has been brought to fore, 
identification of less viscous biofuel has been paid rare attention. 
Therefore, the objective of this research work is framed to explore a 
novel less viscous biofuel and in wake of this; pine oil biofuel was 
identified.  
2. Further, this research work has identified the availability of the biofuel 
as a major concern and solutions to combat it has been provided. Let’s 
say, if a country requires 200 billion gallons of fuel, the prominent 
biofuel of the country would alone be not sufficient. Therefore, 
invasion of many novel biofuels is necessary to help deal with the 
availability and enable every nation to attain self-sufficiency. In a 
broader sense, each region of the country can develop their own 
indigenous biofuel so that a country cannot solely rely on a particular 
type of biofuel. With such intent, the proposed indigenous biofuel in 
the current study is reported to satiate the need of a particular region of 
a country.  
3. The prospects of pine oil possessing fuel attributes were first identified 
in this research work. In addition, the idea of utilizing pine oil in a 
diesel engine was never considered before and we are first to introduce 
it as an alternate fuel, which profoundly signifies the main contribution 
of this research work.  
4. In the fuel characterization study, attempts have been made to study 
the fuel properties, composition and thermal stability of pine oil, and 
report the data for the first time. Since pine oil being a novel biofuel, 
there were no precedents available on open literature and the task fell 
on us to explore all these data. In this respect, we have done an 
extensive fuel characterization study to build a comprehensive 
database for pine oil biofuel.  
5. Most of the studies pertaining to the experimental investigation of 
biofuels in a diesel engine have been directed to measure pollutant 
emissions and other engine parameters. However, no attempts have 
been made to perform a fundamental study on fuel evaporation and 
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spray as a part of quantitative study in previous research works. It is 
quite rare to notice both engine study and all the reported quantitative 
studies in one research work. Further, it is well evident that spray and 
evaporation study are separate research topics and despite this 
immense efforts have been paid to perform quantitative as well as the 
engine study. As such, a complete fuel characterization and 
fundamental study was accomplished in this research work and all data 
were documented under one roof. These data would be more useful to 
comprehend the attributes of the newly conceived fuel and would 
amount as a noteworthy contribution.  
6. With regard to the experimental investigation of the reported novel 
pine oil biofuel in a diesel engine, a methodological and sequential 
approach has been embraced. Moreover, we are the first to document 
the engine characteristics for pine oil biofuel, which forms the 
significant contribution towards the research on alternate fuels. Firstly, 
pine oil biofuel was operated in an unmodified diesel engine in blend 
fuel mode to ascertain its behavioral characteristics, which were not 
evident before. Based on the outcome of the basic study, subsequent 
optimization studies were conceived to optimize the use of it in a diesel 
engine in a well-planned and organized manner. Significantly, both the 
fuel properties as well as the engine were modified so as to help adapt 
pine oil in a diesel engine effectively. Significantly, plethora of 
experimental works with definite objective and purpose has been 
reported in the current research work, much to the benefit of 
burgeoning researchers in the realms of alternate fuels 
7. As a notable contribution, pine oil was operated in dual fuel mode by 
fumigating it in the inlet manifold of a diesel engine. In order to realize 
port injection, the single cylinder diesel engine was modified to 
incorporate the additional fuel delivery system. This study is very vital 
in this research work and this strategy was derived out only after 
conducting the basic studies in an unmodified engine. While doing 
this, fundamental study on fuel evaporation was coupled with the 
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engine study for the first time and rational link between these two has 
been established.  
8. In the last phase of this work, a numerical investigation to model pine 
oil combustion has been performed so as to contribute theoretically. In 
this regard, a global single step chemical kinetic equation for pine oil 
combustion has been proposed to model combustion using KIVA4. In 
addition, the advanced fuel properties of pine oil were also estimated 
through property prediction models so as to update the fuel library of 
KIVA4. Simulation studies were performed using the reported 
computational tool and model was validated against the experimental 
data.  
The newly conceived pine oil biofuel, which is obtained from the resin 
of the pine tree through steam distillation process, has pinene and terpineol (a 
higher alcohol) as its major constituent. Distinctly, the presence of ring and 
non-ring group elements, and the distinct molecular structure, makes pine oil 
to manifest enhanced fuel properties than that of diesel and other biofuels. 
Notably, the calorific value of pine oil is noted be in par with diesel, while 
alcohols suffer lower calorific value, which forms the profound advantage of 
the proposed fuel herein. Moreover, the latent heat of vaporization of pine oil 
is much lower than ethanol and hence it is not inflicts cooling effect, avoiding 
the cold start problem. These notable advantages of pine oil have improved the 
efficiency of the engine and reduced the engine out emission, emerging as a 
unique and distinct fuel in the realms of alternate fuels. Looking towards the 
future, the other budding researchers could contemplate on these lines so as to 
let their thinking in this direction to explore more novel biofuels with 
enhanced fuel properties, in the likes of pine oil, not only to avert the 




 CHAPTER 2 
2. Literature review 
2.1. Introduction 
The inspiration to review the operational feasibility of less viscous 
fuels in diesel engine emanated after witnessing the progress in their 
production and utilization in a diesel engine in the recent past. Despite the 
distinct fuel properties, the incursion of these less viscous fuels into alternate 
fuel sector, as pertinent substitute for commercial petroleum diesel, has been 
on the rise due to their renewability, availability and biodegradability. In 
general, fuels which possess viscosity lower than standard diesel could be 
considered as less viscous fuels. Further, these fuels could also be regarded as 
light biofuels and are clearly distinguished from biodiesel, synthesized from 
vegetable oils, by virtue of their characteristics. Distinctly, these fuels have 
their origin from the parts of plants or other biomass and not from the seeds. 
Further, fuels with lower viscosity ought to possess better evaporation, 
atomization and spray characteristics than standard diesel. Most often than not, 
such less viscous fuels tend to have lower cetane number as they doesn’t 
possesses any free fatty acids and their carbon chain lengths are relatively 
shorter. Normally, less viscous fuels identified thus far include ethanol, 
methanol, butanol, eucalyptus oil, dimethyl ether, diethyl ether and carbonate 
based fuels. Notably, ether based fuels and carbonates are being used as 
additive with either diesel or biodiesel to improve the fuel properties. 
However, amongst these fuels, alcohols gains immense popularity because of 
the notion that the raw materials intended for producing it are cheap and 
renewable. In addition to alcohols, eucalyptus oil is also being contended as an 
enviable alternate source of fuel for diesel engine. While the former is 
produced by the fermentation of starch or sugar, the latter is produced by the 
distillation of the leaves of the eucalyptus tree. It is worthwhile to note that 
though these fuels possesses lower viscosity in unison, their origin and 
composition are reported to be different.  
Chapter 2: Literature review 18 
 
By far, researchers, in their review work on alcohol based fuels, have 
given an account on the characteristics of a diesel engine fueled by alcohol -
diesel blends. In 2005, Hansen et al [69], in their review on diesel – ethanol 
blends, reported information on blend properties, engine performance, 
durability and emissions. In an investigation on alcohols as fuels for IC 
engines, in 2007, Agarwal [20] reported the production of ethanol and its 
properties, along with the performance and emission characteristics for diesel 
– ethanol blends. Interestingly, his review work underscored the need for 
material compatibility studies with diesel – alcohol blends. In 2013, 
Giakoumis et al [70] reviewed the impact of ethanol and n-butanol blends on 
regulated as well as non-regulated emissions from a diesel engine, during 
transient operating conditions. In the same year, Kumar et al [71] considered 
three different alcohol – diesel blend such as diesel – methanol, diesel – 
ethanol and diesel – butanol and brought some critical information about the 
fuel properties, economics of production and their effect on engine 
performance and emission. From the summary of past review works, it is 
evident that only review on alcohol – diesel blends has been considered and no 
review work on other operational modes of alcohol fuels such as fumigation, 
dual injection and to certain extent as sole fuel has not been traversed so far. 
Similarly, a review on the operational feasibility of other category of less 
viscous fuel, eucalyptus oil, in any of the modes has not been dealt so far.  
In this backdrop, much to the benefit of burgeoning researchers, we 
have set about a review work on the adaptation of prominent less viscous 
fuels, alcohols and eucalyptus oil in diesel engine. Notably, though both the 
fuels have lower viscosity, their composition and other properties are distinct. 
Therefore, to being with, an extensive exploration of physical and thermal 
properties of these fuels is made and the impact of composition of fuel on their 
properties has been investigated. Further, precluding the discussion on engine 
characteristics of alcohol – diesel blends, given a lot of review work on them 
had been surfaced already, this review has reported the other operation 
feasibility of it in dual fuel and sole fuel modes. However, for other less 
viscous fuel, eucalyptus oil, its operational feasibility in diesel engine in all 
possible modes has been imparted.  
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2.2. Composition and property analysis of less viscous fuels 
The thermal and physical properties of a fuel are crucial in determining 
its operational feasibility in a diesel engine, besides the engine operating and 
design parameters. For any research work on the synthesis, characterization 
and utilization of alternate fuels in a diesel engine, an in-depth analysis of their 
properties is required. In this respect, for an experimental investigation of 
biofuels in a diesel engine, the physical and thermal properties of them are 
determined initially and before operating them in a diesel engine, it is ensured 
that they meet the international biofuel standards. With the introduction of 
alcohol based fuels for IC engines, quite a few researchers have worked on the 
exploration of their physical and thermal properties [20, 72-76]. In the same 
note, with the inception of eucalyptus oil as alternate fuel for diesel engine 
application, few researchers have also evaluated their properties, while 
experimenting it in a diesel engine [47, 77].  
Table 2.1: Thermal and physical properties of less viscous fuels  
Property Diesel Methanol Ethanol Butanol Eucalyptus 
oil 




3.6 0.59 1.2 3.7 2 




340 64 78 111.7 175 
Gross calorific 
value (kJ/kg) 42700 19700 26800 33070 43270 
Calculated 
cetane index 52 3.8 5-8 ~25 
Less than 
15 
Latent heat of 
vaporization 
(kJ/kg) 
265 1170 900 578.4 305 
Self-ignition 
temperature (°C) 250 463 423 397 300-330 
Data collected from open literatures ( [72, 73, 76], [70, 71, 78] ) 
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Since this review is on the utilization of less viscous fuels in diesel 
engine, more in-depth comparison of their properties and the effect of them on 
engine characteristics have been dealt in this section, in addition to just 
summarizing the properties. The detailed physical and thermal properties of all 
the considered less viscous fuels have been summarized in Table 2.1. 
It is a well-known fact that the chemical composition of the fuel and 
contribution of functional group parameters are bound to have an influence on 
its physical and thermal properties. In connection with the above notion, it is 
noteworthy to emphasize the work of Anand et al [79] and An et al [80], 
wherein, the effect of functional groups, molecular structure, molecular weight 
and boiling point on both the thermal and physical properties of the fuel has 
been emphasized. In this regard, molecular formula, molecular weight, 
functional groups, group contribution parameters, chemical structure and 
critical properties of less viscous fuels are collected and shown in Table 2.2.  
2.2.1. Critical properties 
It could be noted from Table 2.2 that eucalyptus oil entails –CH2-, 
>CH–, >C< as ring group members with an additional oxygen atom. On the 
other hand, ethanol, methanol and butanol are lower alcohols with shorter 
carbon chain length and the functional group, -OH, is attached with either 
secondary or primary carbon atom. All these group contribution parameters 
have their own influence on the critical properties of the fuel. To perceive this, 
critical properties such as temperature, pressure and volume, as evaluated by 
Jobac’s method, of all the considered fuels are enlisted in Table 2.2. The 
critical temperature of eucalyptus oil is higher, while methanol, butanol and 
ethanol come together as another group with lower critical temperature. A 
closer scrutiny of the boiling range of these fuels reveals that methanol has a 
lower value than all other considered fuels, followed by ethanol, butanol and 
eucalyptus oil in an ascending order. Notably, the critical temperature of these 
fuels also follows the same suit as the boiling point, implying that critical 
properties are function of normal boiling point. These critical properties and 
the molecular weight of the fuels are reported to have an effect on their 
thermal and physical properties, which are discussed below.  
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Table 2.2: Compositional properties of less viscous fuels  
Compositional 
attributes Methanol Ethanol Butanol 
Eucalyptus 
oil 







formula CH3OH C2H5OH C4H9OH C10H18O 
Molecular weight 








air to fuel ratio 6.5 9 11.1 14 
C/H ratio  0.25 0.33 0.4 0.55 
Ring elements  - - - -CH2-  
>CH-, >C<  
Non ring 
elements -CH3 -CH3, -CH2- -CH3, -CH2- -CH3 
Oxygen group -OH -OH -OH -O 
Critical 
temperature (°C) 237 226.11 272.08 422.5 
Critical pressure 
(bar) 80.84 63 45 - 
Critical volume 
(cm3/mol) - 166.5 278.05 509.5 
Data collected from open source (www.chemeo.com) 
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2.2.2. Ignition properties 
Cetane number measures the ignition quality of the fuel and there are 
many factors by which it can be determined. In general, when the length of the 
carbon chain increases, the cetane number ought to increase and it is inversely 
correlated with the presence of double bond (degree of unsaturation) [81]. 
Though there are no double bond available within the molecular structure of 
methanol, ethanol and butanol, the carbon chain length is too short and this 
accounts for its lower cetane value. Interestingly, molecular structure of 
eucalyptus oil is different from ethanol and methanol and could be described 
as alicyclic hydrocarbon with double bonds in its structure. Despite the 
presence of 10 carbon atoms, eucalyptus oil tend to possess lower cetane value 
due to the presence of inherent double bond and distinct structure, as noted in 
Table 2.2. When these less viscous fuels are burnt in a diesel engine, it suffers 
longer ignition delay and accumulation of air fuel mixture due to lower cetane 
number, resulting in sudden burning of it in the premixed combustion phase 
[82, 83]. In addition, the self-ignition temperature of all these fuels is higher 
than diesel, affecting their auto-ignition and obligating some ignition support 
to use it in a diesel engine.  
2.2.3. Evaporation properties  
Though eucalyptus oil, ethanol, methanol and butanol strike a common 
chord in possessing lower cetane number, there are some basic differences in 
other properties, which have their influence on engine combustion and 
performance. When compared to all other less viscous fuels, methanol and 
ethanol have a higher latent heat of vaporization, making the evaporation 
process difficult and producing a cooling effect in the engine [58]. Also, when 
the percentage of these fuels increases in the blend, cold start problem 
emanates, which is quite evident from the report of Randazzo et al [84, 85]. 
When both these less viscous fuels are used in diesel engine, they seemingly 
reduce the in-cylinder temperature due to the cooling effect and hence, the 
evaporation of the fuel is much affected at lower load. However, this effect is 
nullified at full load condition as the temperature of the cylinder walls and in-
cylinder temperature is increased [86, 87]. On the other hand, butanol has 
lower latent heat of vaporization than ethanol and methanol, trivializing the 
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cold start problems. However, the latent heat of vaporization for butanol is still 
higher than diesel, affecting the evaporation attributes when being blended 
with diesel. On the other hand, the latent heat of vaporization for eucalyptus 
oil is much lower than ethanol and methanol and hence the reported cooling 
effect would not be confronted with it. Overall, flash point of all these less 
viscous fuels is lower than diesel, facilitating enhanced evaporation than diesel 
and biodiesel, which is further augmented by their lower boiling point. 
2.2.4. Atomization and spray properties 
It is well known that fuel viscosity and surface tension are deemed to 
affect the fuel atomization process and it’s mixing with air. From Table 2.1, it 
is certain that all considered less viscous fuels have lower viscosity than 
diesel. When the viscosity of the fuel is lower, the dispersion of fuel into fine 
droplets is more pronounced, as pointed out by Hanbey hazar et al [88, 89] in 
their experimental study. Therefore, less viscous fuels are prone to fine 
dispersion of fuel in the combustion chamber, enhancing the fuel evaporation 
and combustion process. This in consequence would have an impact on the 
engine performance as the combustion is far superior to conventional diesel 
and high viscous biodiesel. In addition to viscosity, surface tension plays a 
crucial role on fuel break up and dispersion, which is noticed to be lower for 
the considered less viscous fuels. As a result, their spray and atomization 
characteristics such as spray tip penetration and droplet size were reported to 
be lower [90, 91]. Further, Wang et al [92] experimentally showed that the 
spray characteristics of ethanol and methanol are almost similar, in fact 
comparable to gasoline due to their lower viscosity and surface tension.  
2.2.5. Fuel consumption properties  
One important consideration with the use of less viscous fuels in a 
diesel engine would be its energy density, which determines the quantity of 
fuel being utilized to produce desired power output. In this sense, when the 
calorific value of all listed less viscous fuels are considered, ethanol and 
methanol suffers much lower calorific value than diesel, preventing larger 
replacement of diesel [50]. Interestingly, the calorific value of butanol is 
noticed to be higher than ethanol, which is less likely to decrease the fuel 
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consumption of the engine. On contrary, eucalyptus oil have comparable 
calorific value with diesel [93, 94] and hence, the engine is not yielded to any 
power loss. This in turn, does not place any restriction on the quantity of them 
being blended with diesel. Adding further, the stoichiometric fuel to air ratio 
of all these fuels is also an important consideration for the fuel consumption, 
especially at lower loads. The stoichiometric fuel to air ratio, as noted from 
Table 2.2, is lower for methanol due its partially oxidized state, followed by 
ethanol and butanol. Therefore, methanol is prone to leaner combustion [95], 
which could affect the engine performance at lower loads. However, the 
stoichiometric fuel to air ratio of eucalyptus oil is higher than alcohol based 
fuels, though it is slightly lower than diesel due to the presence of inherent 
oxygen within its structure.  
2.2.6. Stability and storage capabilities  
The flash point of the fuel signifies the lowest temperature at which the 
fuel set off to give some vapors, which then would mix with air to ignite 
momentarily. It is one of the important parameters in respect of fuel handling 
and storage, and is expected to be in compliance with insurance and fire 
regulation. In general, these less viscous fuels have lower flash point than 
diesel and hence appropriate precautionary measures have to be taken with 
regards to their storage. Considerably, eucalyptus oil have higher flash point 
than ethanol and methanol, and hence it could be easily stored. On the other 
hand, alcohols have higher self-ignition temperature than eucalyptus oil and 
therefore, the lower flash point of them could be compensated and the risk 
associated with the storage is subsided. However, for all less viscous fuels 
with lower flash point and higher self-ignition temperature than diesel, 
precautionary actions and utmost care should be taken to avoid firing issues.  
The stability of less viscous fuels, when studied, appears to show a 
distinct phenomenon when being blended with diesel or biodiesel. As a matter 
of fact, the stability of alcohol – diesel blends would be at stake, after a 
prolonged period of storage, as the nature of these fuels could provoke 
separation. Methanol, due to its polar nature [96], encounters phase separation, 
while butanol is readily soluble with diesel and can be blended in virtually any 
concentration. The phase separation issues and blend stability of ethanol, due 
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to the hydrophilic nature of the alcohol group, has been studied widely [76, 
97] and addition of surfactants and emulsifiers has been recommended to 
avoid the separation problem [98, 99]. The separation problem and the blend 
stability have not been studied separately for eucalyptus oil, since it was noted 
to be readily soluble with diesel during engine experimentation.  
2.2.7. Compositional attributes  
There have been reports about the contribution of oxygen atoms 
present in the fuel in realizing more active combustion and even with higher 
viscosity fuel, biodiesel, the presence of 10-11% oxygen by weight in it, 
promotes better combustion [15, 37]. When the oxygen in the fuel is aplenty, 
smokeless combustion could be achieved as the higher temperature attained 
during combustion promotes soot oxidation [100]. Having highlighted the 
promotion in combustion due to the presence of oxygen within the fuel, it is 
worthwhile to note the proportion of oxygen in all the less viscous fuels 
considered in this review work. Among the less viscous fuels, methanol is 
reported to be supreme in possession of oxygen fraction, containing 50% 
oxygen by weight. Ethanol and butanol are found to contain 34.7% and 21.6%, 
while eucalyptus oil exhibits 10.3% oxygen by weight. From these, it is 
evident that the presence of higher oxygen in methanol is bound to emit lower 
smoke emission than all other less viscous fuels considered in this study. To 
further substantiate the smoke reduction potential of less viscous fuels, it is 
necessary to analyze the C/H ratio of each and every fuel. In comparison, the 
C/H ratio of methanol was found to be 0.25, while it was observed be 0.55 for 
eucalyptus oil. When the C/H ratio of the fuel increases, the soot formation 
was noted to be increased and therefore, methanol with lower C/H ratio is 
believed to show lower smoke emission than all other fuels. 
2.3. Operational feasibility of less viscous fuels in blend fuel 
mode 
2.3.1. Blend fuel mode of operation for alcohols 
When the world has witnessed the effective utilization of alcohols in 
gasoline engine, research and development of using alcohols in diesel engine 
have been progressing well. Since alcohols being an oxygenated fuel with 
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lower viscosity, it liberates lower HC and CO emissions because of their better 
combustion and engine performance than diesel. In general, when the oxygen 
concentration of the fuel is approximately 30% by mass, smokeless 
combustion can be realized [100] and with this token, combustion is effective 
for alcohols. Despite this advantage, the use of 100% alcohol in a diesel 
engine would prove futile, as the self-ignition temperature is higher and the 
calorific value is much lower. However, the problem with lower ignition 
quality of alcohols could be remedied by preheating the intake air of the 
engine and consequently, combustion is supported [101]. Moreover, alcohols 
can also find their use in diesel engine by modifying the engine design, 
particularly the fuel injection systems [102]. Both these approaches to make 
alcohols suitable for diesel engine would prove costly and requires lot of 
efforts, given the diesel engine is standardized for the use of diesel only and 
any use of new fuel demands lot of engine modifications.  
To confront the above said limitations, in a recent study, researchers 
have suggested using ethanol in blends with diesel, known as diesohol, with an 
additional intent to lean the fuel air mixture and produce more efficient 
combustion. Due to its lower viscosity and boiling point, atomization and 
subsequent mixing with air is enhanced, prompting better fuel evaporation to 
achieve complete combustion [103, 104]. Most of the experimental 
investigation with ethanol – diesel blends report decreased HC, CO and smoke 
emissions due to active combustion [96, 105]. However, on account of longer 
ignition delay, there is a tangible accumulation of combustible air/fuel mixture 
during the delay period and this inflicts higher peak heat release rate to raise 
the in-cylinder temperature, causing increased NOX emission [106, 107]. The 
detailed summary on the performance and emission characteristics of a diesel 
engine fueled by ethanol – diesel blends and methanol – diesel blends has 
been tabulated in the review work of Kumar et al [71]. It is worth mentioning 
here that apart from blending alcohols with diesel, researchers have also 
thrived to blend alcohols with biodiesel, in an effort to completely replace 
diesel. By virtue of blending biodiesel with ethanol, the lubricity of the blend 
is enhanced and on the other hand, other physical properties could be brought 
to an optimum level. In addition to alcohol – biodiesel blends, there were also 
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attempts to use alcohol – biodiesel – diesel blends in diesel engine. Since the 
summary of alcohol – biodiesel [57, 83, 98, 108-120] and alcohol – biodiesel – 
diesel blends [55, 56, 82, 84, 89, 121-145] has not been unraveled thus far, an 
outline of data pertaining to their engine characteristics has been given in 
Appendix I, much to the interest of readers.  
Despite the number of experimental study on using alcohol-diesel and 
alcohol-biodiesel blends, subsequent problems tend to emanate from the poor  
miscibility of alcohols with diesel or biodiesel. The lower viscosity of ethanol, 
when used in long term, would cause injector leak and pump wear and in order 
to address these issues, researchers suggested the addition of subtle lubricants, 
for instance adding 2% castor oil with the blend [146]. Moreover, the 
solubility of ethanol in diesel is complicated as it may be prone to separation 
at cold condition. The encountered separation problem could be overcome by 
adding emulsifier or additives such as do-deconal and surfactant 80 that help 
enhance splash blending of ethanol and diesel [52, 147]. Further, the lower 
cetane number of ethanol and methanol affects the auto ignition and hence to 
improve the ignition characteristics of the alcohol – diesel blends, researchers 
conceived strategies to modify the blend properties. In such measures, 
researchers contemplated on adding cetane improvers such as ethyl hexyl 
nitrate, peroxides and diethyl ether to the optimum blend and investigated the 
combustion characteristics such as ignition delay, peak heat release rate, 
combustion duration and pressure rise rate [148-153]. From these studies, it 
has been unanimously reported that adding cetane number improver has a 
profound impact on improving the ignition characteristics of the blend. 
Interestingly, the increased NOX emission, associated with lower cetane fuels, 
has been curtailed by the influence of additives. Considerably, the operation of 
alcohol – diesel blends with the addition of additives has been reviewed and 
reported by Riberaio [154]. Though the encountered separation problem and 
lower cetane number of the blend fuels could be remedied, both ethanol and 
methanol possess lower calorific value, which in turn affects the engine 
performance. In respect of lower calorific value, large quantity of fuel is 
required to produce the required power output and therefore, blending ethanol 
with diesel has been limited to 25% [155]. Thus, despite the immense benefits 
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of alcohols as alternate fuel for diesel engine, there lies a limitation with their 
proportion being blended with diesel.  
2.3.2. Blend fuel mode of operation for eucalyptus oil 
Most of the properties of eucalyptus oil falls between diesel and 
gasoline, as reported in the previous studies [47], however, its cetane number 
is reported to have been lower. Owing to the lower cetane value, it becomes 
inappropriate to use it as sole fuel in unmodified diesel engine as SOC would 
be delayed thereby, affecting the engine performance, combustion and 
emission characteristics. Since complete replacement of diesel is not possible, 
when eucalyptus oil is being used as alternate fuel, blending of it with either 
diesel or biodiesel has been recommended as possible option. Further, unlike 
alcohols, eucalyptus oil has comparable calorific value with diesel so as to 
facilitate larger replacement of diesel. The operation of eucalyptus oil in 
blends with diesel/biodiesel has been summarized below and shown in 
Appendix I.  
The adoption of eucalyptus oil as a renewable fuel for diesel engine 
was realized, when Devan et al [47] blended eucalyptus oil with paradise oil 
methyl ester and tested it in a diesel engine. In their study, they completely 
excluded the utility of conventional diesel by choosing two alternate fuels for 
diesel engine operation. From the study, 49%, 34.5% and 37% reduction in 
smoke, HC and CO emissions, respectively, with 2.7% increase in NOX 
emission at full load condition were observed for the Me50–Eu50 (Paradise oil 
methyl ester - 50% and Eucalyptus oil – 50%) blend. Moreover, the 
combustion characteristics of Me50-Eu50 were reported to be comparable to 
diesel with a 2.4% increase in BTE. Similarly, in the pursuit to use only 
renewable fuel in diesel engine, Rao et al [156] experimented the utility of 
eucalyptus oil along with palm kernel oil methyl ester in a single cylinder 
diesel engine. In their work, eucalyptus oil derived from biomass was regarded 
as main constituent, and to help enhance its ignition quality, methyl ester of 
palm kernel oil was added. Their research work also pointed out a reduction in 
gaseous emissions and improvement in engine performance on account of 
enhanced fuel properties of eucalyptus oil.  
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After the successful realization of blending eucalyptus oil with 
biodiesel, it was also mixed with conventional petroleum diesel and tested in a 
diesel engine. The experimental study of Anandavelu et al [157] pointed out 
that eucalyptus oil could be blended up to 40% with diesel to yield better 
performance and reduction in emissions such as smoke, HC and CO. Further, 
owing to the longer ignition delay caused by lower cetane value of eucalyptus 
oil, peak heat release rate and in-cylinder temperature were increased, 
resulting in higher NOX emission. Though there are many strategies available 
to mitigate NOX emission, Anandavelu et al [93] proposed EGR as an efficient 
technique and implemented the same in a single cylinder diesel engine. In this 
study, for 15% recirculation of exhaust gas, the emission, performance and 
combustion characteristics of the engine fueled by eucalyptus oil – diesel 
blends were investigated. The results indicated that, even with the 
implementation of EGR, there wasn’t any drop in the performance, and the 
BTE was found to be 3.8% higher than diesel. Moreover, since there is 
inherent oxygen within eucalyptus oil, it was reported to have lower smoke 
emission and when the composition of eucalyptus oil in diesel was increased, 
smoke reduction was more prominent. The study also reported a 65% 
reduction in NOX emission for the blend fuel when compared to diesel.  
In the event of lower cetane number of eucalyptus oil, it suffers the 
limitation of blending it with diesel in larger proportions, though its calorific 
value is comparable to diesel, and therefore, Tamilvendhan et al [158] decided 
on to find the maximum possible blend composition of eucalyptus oil with 
diesel. In their attempt, Taguchi method was invoked to optimize the engine 
operating parameters such as injection timing and injection pressure, and after 
the determination of optimum level of parameters, ANOVA was performed to 
verify the authenticity of blend composition over desired parameters. As an 
outcome of Taguchi method, blend composition of 40% eucalyptus oil with 
diesel, injection pressure of 180bar and injection timing of 29° BTDC has 
been transcribed as the optimum parameters for the operation of eucalyptus oil 
in a diesel engine. With the optimized parameters, engine experiments were 
carried out and it was found that 40% blend of eucalyptus oil with diesel 
showed 2.5% increase in BTE than diesel. 
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2.3.3. Summary and future recommendations  
For fuels with higher viscosity, researchers foresee a long term 
problem of lubrication oil contamination and soot deposition, however, 
alcohol blend fuels does not cause such problems owing to their lower C/H 
ratio. Further, their atomization and spray characteristics are better, which 
have had a better impact on engine performance and combustion. Being an 
oxygenated fuel, alcohols tend to promote the oxidation of fuel and hence the 
emissions are also favorable. With these notable advantages, alcohols could 
qualify as a potential candidate for diesel engine by modifying the fuel 
properties, given that the setbacks of lower cetane number, higher self-ignition 
temperature and lubricity issues could be remedied. However, due to their 
lower calorific value, blending in large proportions has been restricted and in 
future, efforts to overcome this persistent setback has to be figured out 
Similarly, exploration of plant based fuels with lower viscosity have to 
be intensified and future research on synthesis and development of such fuels 
has to be given priority. Notably, despite the prevalence of abundant species 
for biodiesel production, still a lot of research is flourishing to identify some 
new species for synthesizing biodiesel. However, not much attention has been 
paid on the exploitation of many plant based less viscous biofuels and other 
biomasses to satisfy future energy demands. In this juncture, it is appropriate 
to request for more research on the exploration of other biofuels derived from 
plants in the likes of eucalyptus oil, considering that it could be operated in 
larger proportions due to their higher calorific value, unlike alcohols. Also, no 
research has reported the separation issues of eucalyptus oil and diesel like the 
one confronted with alcohol based fuels. Though eucalyptus oil is not polar 
and hydrophilic like ethanol and methanol, their bond strength and miscibility 
when blended with diesel has to be studied and in future, many research 
studies have to be directed on these lines. Further, any attempt to improve the 
ignition attributes of eucalyptus oil by adding cetane number improver hasn’t 
been made by any researchers so far, which has to be duly addressed. Over 
and all, less viscous fuels have suitable potential to be blended with 
diesel/biodiesel and in all likelihood, with the support of all policy and stake 
holders, commercialization of these fuels have to be considered.  
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2.4. Operational feasibility of less viscous fuels in dual fuel 
mode 
2.4.1. Dual fuel mode of operation for alcohols 
Though the adoption of alcohol blends has been widely acknowledged 
as the simplest way to use alcohol based fuel in a diesel engine, durability and 
reliability of them after a period of use is still at stake. With emulsification and 
addition of lubrication agents being reckoned as viable techniques to prevent 
separation and leakage problems, it cannot be used in larger proportions as the 
engine suffers power loss due to its lower calorific value. This is more critical 
when using alcohol - biodiesel blends, as the calorific value of both these fuels 
is lower than diesel. To counteract the above limitations, researchers have 
conceived strategies to use them in an effective manner by modifying the 
engine design, despite considering the additional efforts to be paid. Since a 
summary on adaptation of alcohol fuel by engine modification is not available 
so far, this section would embark on a summary of methods adopted by 
researchers thus far to use alcohol fuels in diesel engine, in a manner other 
than blending it with diesel or biodiesel. 
In dual fuel mode of operation, diesel was injected through the main 
injection system as pilot fuel, and the alcohol fuel with lower cetane number 
was injected in the inlet manifold as the main fuel. The operation of alcohol 
fuels in dual fuel mode has been transcribed so far by means of fumigation and 
dual injection. Past studies on fumigation of alcohol fuels in a diesel engine 
used conventional methods such as carburetion, continuous injection and 
sequential injection to atomize the fuel in inlet manifold [159]. Dual fuel 
injection entails a separate fuel injection system composing of fuel pump, 
filter, damper, injection nozzle and pressure regulator [160]. When deeply 
analyzed, fumigation and dual fuel injection offers several advantages by 
virtue of their simple design and flexibility in switching between normal and 
fumigation mode. Despite some differences in injection methods as well as 
mode of inducting lower cetane fuel into the cylinder for fumigation and dual 
fuel injection, both share a unique advantage in replacing maximum amount of 
diesel, which otherwise hasn’t been realized with alcohol - diesel blends.  
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2.4.1.1. Dual fuel mode of operation for methanol 
Popa et al [161] envisioned on two methods to use methanol in 
fumigation mode, considering the impact of its lower cetane value on auto 
ignition. In their first approach, they implemented a carburetor with the diesel 
main injection system, while in the second approach; two separate injection 
systems have been incorporated for methanol and diesel. From their 
experimental investigation on fumigation of methanol by two different 
approaches, higher power regimes were noticed, and both NOX and smoke 
were reduced at higher load. In another similar work, Udayakumar et al [162] 
endeavored to fumigate methanol in the inlet manifold of a single cylinder 
diesel engine. Since methanol ought to produce cooling effect in the inlet 
manifold when being injected, they employed a heat exchanger to heat the 
inlet air. By this measure, methanol was fumigated by the heat exchanger near 
the inlet manifold. From their experimental outcome, a marginal increase in 
performance with a reduction in both smoke and NOX emissions were 
observed when compared to diesel.  
Liu et al worked on methanol/diesel dual fuel system, by deploying an 
electronically controlled methanol injector in the inlet manifold; about 250mm 
before the inlet valve, and diesel was used as pilot fuel through the main 
injection system [163]. This study also implemented an electric heater in the 
inlet manifold to preheat the inlet air, aiming to vaporize the injected fuel. 
Similar to the previous reports, the authors remarked an increase in HC and 
CO emissions, recommending advancement of fuel delivery for curtailing 
them. Similarly, Song et al [164] explored the possibilities of dual fuel 
operation using methanol by the method employed by Liu et al [163]. The 
study recommended injection of methanol in larger proportions only under full 
load condition and not at low load condition due to the setback of lean burning 
and longer ignition delay of methanol. Though NOX and smoke emissions had 
been decreased, the HC and CO emissions were noted to be increased. Their 
study has suggested using methanol – diesel dual fuel system for stationary 
diesel engines such as generators, as it could be operated under fixed high load 
conditions to get the best benefit out of it.  
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Yao et al [165] conceived a DMCC system for both naturally aspirated 
and turbocharged diesel engine, wherein, the engine was made to be operated 
in diesel mode at lower loads and dual fuel mode at higher loads. To 
accomplish the dual fuel operation, an electronically controlled fuel injection 
system with low injection pressure of 0.3MPa was invoked to inject methanol 
in the inlet manifold. The results showed simultaneous reduction in both 
smoke and NOX emissions, whereas, CO and HC emissions were noted to be 
increased owing to the decreased inlet air temperature and subsequent 
reduction in combustion temperature. To help reduce HC and CO emission, in 
another study, Yao et al [166] availed their DMCC system and implemented 
an oxidation catalytic converter. Significantly, DMCC coupled with oxidation 
catalyst reduced HC, CO, smoke and NOX emissions without any compromise 
in the engine performance. Further, in the analysis of combustion 
characteristics, DMCC engine reported more pronounced premixed 
combustion phase and less active diffusion combustion phase due to longer 
ignition delay. 
Amid some progress in capitalizing the benefits of fumigation and 
subsequent control in HC and CO emissions, the lack in studying the effect of 
methanol fumigation on particulate emission was identified by Zhang et al 
[167]. In this regard, they conducted engine testing with a four cylinder, 
naturally aspirated engine fitted with DOC to examine the concentration of 
particle matter in the exhaust, when fumigating methanol. Much to their 
anticipation, CO and HC emissions were decreased with the reduction in NOX 
and smoke emissions as well. Further, the particulate matter, which was their 
interest, was shown to be decreased. The particle mass and number 
concentration were decreased whereas the geometrical mean diameter of the 
particle was found to be increased, while any significant change in these 
emissions have not been noted when DOC was not implemented. In another 
work, Zhang et al [168], captured the effect of methanol fumigation on both 
regulated and unregulated emissions. The article underscored the harmful 
repercussions of volatile hydrocarbon and finer particle emissions, when 
oxygenated fuels are being used in diesel engine, and emphasized the need to 
investigate these particles and some unregulated emissions. As the result of 
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their investigation, it was found that the engine with methanol fumigation 
emits increased unburnt methanol, formaldehyde, benzene, tolune, xylene 
whereas, the emission of ethyne, ethene and 1,3-butadiene were decreased. 
Having explored the emission from diesel engine in aplenty, Zhang et al [169], 
in their recent study, examined the combustion characteristics of the engine 
with methanol fumigation. From the study, the notion that fumigation of 
methanol prolongs the ignition delay and causes higher heat release rate was 
reported. In addition to this, the in-cylinder pressure was seen to be decreased 
for low and medium loads, while it was increased at high load condition.  
In a case to elude the use of diesel completely, Cheung et al [170] 
endeavored to use biodiesel produced from waste cooking oil as pilot fuel, 
while methanol was injected in the inlet manifold by an electronically 
controlled low pressure injector. The fumigation of methanol with biodiesel as 
pilot fuel showed lower BTE at lower load, whereas, at higher and medium 
loads, there were no tangible changes in BTE. Contrary to the fumigation of 
methanol with diesel, a noticeable increase in NOX and particulate emissions 
were noted for biodiesel operation with fumigated methanol, while the 
emissions of CO and HC were increased. Therefore, in order to control the 
emissions of HC and CO, they used DOC while fumigating methanol in their 
next experimental investigation [171]. In addition to measure the regulated 
emission, they also extended their study to measure unregulated emission and 
reported the effect of DOC on both regulated and unregulated emissions. 
Finally, a consensus has been noted to be arrived as the DOC had a positive 
impact on both regulated and unregulated emissions such as HC, CO, un-burnt 
methanol and formaldehyde. Similar to the above study, reports on reducing 
HC and CO emissions with methanol fumigation, after implementing DOC, 
have been pointed out by Hosoya et al [172] 
To compare the effect of using methanol in blends and fumigation 
mode, Cheng et al [173] compared the emission characteristics of a diesel 
engine when using methanol - biodiesel blends and methanol fumigation in the 
inlet manifold with biodiesel as pilot fuel. In recognizing the distinction in two 
modes of operation, the authors pointed out that fumigation mode showed 
better BTE at medium and higher loads, whereas blend mode reported better 
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BTE at lower loads; while there were quite a few differences in view of major 
emissions such as HC, CO, smoke and NOX. Fumigation mode showed an 
increase in emissions of NO2, CO, HC and smoke on account of the cooling 
effect produced by methanol in the inlet manifold, which happen to reduce the 
in-cylinder temperature. In the combustion characteristics, the predomination 
in premixed combustion zone over diffusion combustion zone for both the 
modes was observed, signifying no variation in them.  
 Lu et al [174], in a different attempt of using methanol in dual fuel 
mode, used gas to liquid (GTL) fuel through main injector while methanol was 
injected in the inlet port. In a bid to bring about dual injection, ECU 
controlling the injection of methanol was synchronized with crankshaft 
encoder and various sensors. The authors elucidated a clear increase in 
ignition delay in the event of lower cetane number of methanol and in 
consequence, the in-cylinder pressure was observed to be reduced while the 
heat release rate was increased. Further, at lower and medium equivalence 
ratios, the maximum pressure rise rate happened to increase with the increase 
in premixed ratio up to critical point and then drops; the maximum heat 
release rate was always noted to increase with the increase in premixed ratios, 
regardless of the critical point. As the case with fumigation of methanol with 
diesel or biodiesel, GTL also reported simultaneous reduction in smoke and 
NOX emissions, with an increase in HC and CO emissions.  
2.4.1.2. Dual fuel mode of operation for ethanol 
Abu-Qudais et al [155] achieved ethanol fumigation by introducing 
ethanol as fine mist through the inlet manifold. In their work, they used a 
single hole nozzle with 0.25mm diameter and the injection was made 50mm 
before the inlet valve so as to ensure homogenous mixing of air/fuel. In a 
development; an optical access was realized in the inlet manifold to view the 
vaporization of ethanol in the manifold. Further, the flow rate of ethanol to be 
injected was controlled by an air compressor. The authors have reported 
increased volumetric efficiency due to the reduction in air temperature on 
account of higher latent heat of vaporization of ethanol. In a comparison, 
fumigation mode showed 20% replacement of diesel, while only 15% was 
replaced when using diesel – ethanol blends.  
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Chauhan et al [175] employed a constant volume carburetor to 
fumigate ethanol for a small capacity diesel engine and investigated its 
emissions characteristics. The quantity of ethanol supplied through carburetor 
was controlled by a butterfly valve; percentage of ethanol mixed was 3% and 
48%, respectively. The engine was tested under different loading conditions 
and with the increase in load, only the percentage of diesel consumed is 
varied, while the quantity of ethanol is fixed to maintain the constant engine 
speed. For various flow rates of ethanol being injected, the engine showed 
better performance with a reduction in emissions such as NOX, CO, CO2, 
while the HC emission increased. Further, the authors noted prolonged 
combustion duration at lower and part load conditions compared to higher 
loads. Also, the mix of ethanol air mixture with diesel was noted to be highly 
appreciable only at lower loads due to the reduced surface tension of ethanol. 
Notably, though the maximum quantity of ethanol injected was achieved to be 
48%, the authors conceded the optimum value as 15% based on the overall 
aspects of engine performance and emission.  
Ajav et al [176], in the event of achieving ethanol fumigation, 
positioned a solex down- draught carburetor at a bend angle of 90° in the inlet 
manifold. Further, to help realize the vaporization of ethanol in the inlet 
manifold, the inlet air was preheated to a constant temperature of 50°C. The 
flow rate of ethanol is fixed at low load by adjusting the rack position of fuel 
pump and the quantity of diesel replaced was varied from low load to high 
load condition. As a fall out of this experimentation, the authors concluded 
increased BP, BTE and reduced exhaust emissions on account of inducting 
vaporized ethanol/air fuel mixture into the engine.  
Babu et al [177] affirmed a simultaneous reduction in NOX and smoke 
emissions, when fumigating ethanol with air in the inlet manifold. At the end 
of this study, the authors conceded a premixed ratio of 20% ethanol to diesel 
as an optimum ratio, considering the performance and emission characteristics 
of a diesel engine. Moreover, the reduction in NOX and smoke emissions for 
dual fuel engine was clearly explained by invoking the flame propagation 
mechanism for gasoline, diesel and dual fuel engine. It was evidently 
comprehended that the combustion in dual fuel engine takes place throughout 
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the combustion chamber whereas, it was envisaged to occur only in certain 
confines for both diesel and gasoline engine. This is the main reason for the 
reduction in peak in-cylinder temperature, implying reduced NOX emission. In 
addition, owing to the leaner distribution of fuel air mixture throughout the 
combustion chamber, the soot emission was also plunged. In compliance with 
their assertion to reduce NOX and smoke emissions in dual fuel engine, they 
reported 49% reduction in NOX and 62% reduction in smoke at 20% premixed 
ratio of ethanol to diesel. Similar to this study, Tsang et al [86] fumigated 
ethanol in varying proportions of 5%, 10%, 15% and 20% and investigated the 
combustion and emission characteristics of a diesel engine under different 
operating conditions. The authors deduced a late start of combustion when the 
proportion of ethanol injection is increased and noted a drop in BTE at lower 
loads. The emission results of NOX and smoke were in parallel with the 
conclusion of Babu et al [177], for the reasons best described by them.  
Hebbar et al [178] used ethanol-diesel blends in a single cylinder diesel 
engine with EGR. From their study, loss in BTE and increase in HC, CO2 
emissions for ethanol – diesel blends have been noticed with EGR, as the 
dilution of inlet air with exhaust gas is bound to cause some losses in power 
output. However, to avert this, an attempt to fumigate ethanol, instead of using 
them in blends, was made and as a result, BTE was found to be improved. 
Percentage of ethanol injected was varied from 5% to 20% in steps of 5%, and 
remarkably, 10% ethanol fumigated was perceived to strike an optimum 
balance, due to better engine performance and emissions.   
Bo et al [179], in a novel approach to fumigate ethanol, first heated 
ethanol to pyrolyze it and the gas produced by this process was introduced into 
the inlet manifold of the engine. To make this happen, they placed ethanol in a 
separate tank and were made to flow through a screw pipe attached with the 
exhaust pipe, where ethanol was heated. In the event of failure to attain the 
desired temperature, an external heater was used to heat ethanol and finally, 
the produced gas was cooled before being sent into the air intake of the 
system. The authors reported this method as simpler due to the requirement of 
only slight engine modification and pointed out an additional benefit of 16% 
decrease in BSFC.  
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Goldsworthy et al [159] utilized a Cummins QSB5.9-305MCD six 
cylinder, inline, common rail, electronically controlled engine and 
introspected its characteristics when fumigating aqueous ethanol. Distinctly, 
aqueous ethanol was made to be injected after the turbocharger and the 
evaporation, which took place between the turbocharger and after cooler, was 
enhanced by the hot compressed air from the turbocharger. Since ethanol is 
deemed to suffer prolonged ignition delay and provokes higher peak heat 
release rate, injection was accomplished in two stages to reduce the NOX 
emission. In consequence, the ignition delay associated with ethanol was 
prevented and BTE was noted to be improved much because of the strategies 
embraced in injection. Further, there was an obvious reduction in NOX 
emission due to the plunge in in-cylinder temperature, driven by the presence 
of water in ethanol. However, CO and smoke emissions were reported to be 
higher with the increase in proportion of aqueous ethanol. It is noteworthy to 
figure out the prevalence of knocking when the injection of ethanol exceeded 
30%. Since injection of ethanol took place prior to main injection of diesel, the 
flame propagation of ethanol air mixture was reported to commence earlier. 
Therefore, at 31% and 34% ethanol injection, the in-cylinder pressure was 
noticed to be increased with higher peak pressure rise rate, as ethanol air 
mixture was subjected to sudden burning after the delay period. Distinctly, 
two peaks in heat release curve were noticed with the second peak 
significantly lower than the first due to the stated flame propagation, causing 
oxygen deprivation well before the combustion of liquid fuel jet.  
For an analogy, Zhang et al [180] compared the effect of fumigated 
methanol and ethanol on engine performance, gaseous emissions and 
particulate emissions in a single cylinder diesel engine. The authors reported 
an implication of fumigated methanol on in-cylinder temperature, air fuel 
ratio, combustion process and the engine out emissions. When compared to 
fumigated ethanol, fumigated methanol was noticed to show improved BTE 
and reduced NOX and smoke emissions. However, the effect of fumigated 
methanol on HC and CO emissions had a negative impact, reporting higher 
HC and CO emissions than fumigated ethanol.  
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2.4.2. Summary and future recommendations 
To summarize the operation of less viscous fuels in dual fuel mode, the 
list of experimental studies on dual fuel mode operation of them are portrayed 
in Appendix II. It is interesting to note that ethanol and methanol have been 
widely used in fumigation or dual fuel injection mode, while there are no 
reports on butanol operation in dual fuel mode. In all of the above reported 
cases with methanol and ethanol, the engine suffers cold start problems at 
lower loads, due to lean burning of alcohol fuel mixture. It is well know that, 
the presence of inbuilt oxygen within alcohols, though favorable for better 
combustion at high load, dilutes the air fuel mixture at lower load to the extent 
that it even extinguishes combustion. Further, the prolonged ignition delay of 
alcohols deters the combustion process at lower load, thereby, reducing the 
BTE. Adding to this, the cooling effect produced, in face of higher latent heat 
of vaporization, deteriorates the combustion and has a negative effect on fuel 
consumption. Therefore, researchers are of the opinion to make the most 
benefit of alcohol as substitute for diesel at higher loads and on the other hand, 
at lower loads, the external fuel injection of alcohol in the inlet manifold could 
be suspended to operate the engine with only diesel. In addition, using 
electronic injection system, the quantity of diesel injected could be held 
constant and injection of alcohol could be increased progressively to replace 
more amount of diesel. However, for this case, measures have to be taken to 
control knocking when the proportion of alcohol increases.  
The idea to use eucalyptus oil as dual fuel has not been explored by 
far. Further, fumigation by variety of possibilities like carburation, nozzle 
spray and split injection has not been tried so far for it. Therefore, when 
comparing to lower alcohols such as ethanol and methanol, there is clear 
dearth in studies for eucalyptus oil in dual fuel mode, though various studies 
on using it as blends with diesel has come to light. In this regard, it is 
necessary to take appropriate measures to realize duel fuel operation of it, 
either by fumigation or dual fuel injection. Conclusively, the operation of less 
viscous fuels in dual fuel mode has many benefits over operation in blends, as 
it averts the problems like fuel pump leakage; wear of fuel injection 
equipment’s due to lower lubricity of the reported less viscous fuel.  
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2.5. Operational feasibility of less viscous fuels in sole fuel 
mode 
It is worthwhile to note that there are many obstacles in using less 
viscous fuels directly as sole fuel in a diesel engine. Barring this, many 
researchers contrived strategies for the operation of neat less viscous fuels in a 
diesel engine by modifying the engine design and operating conditions. The 
various methodologies implemented by researchers in operating alcohols and 
eucalyptus oil have been explained below and the summary of engine 
characteristics have been listed in Appendix III.  
2.5.1.  Sole fuel mode of operation for alcohols 
Though there are numerous operation difficulties in using ethanol as 
sole fuel in diesel engine, Nagarajan et al [181] explored its feasibility as sole 
fuel and arrived at a consensus of using larger area injector nozzle and a 
higher rate injection pump, for injecting more quantity of fuel in order to 
recompense the difference in calorific value between diesel and ethanol. As a 
consequence of their experimental venture, BTE was increased with 
simultaneous reduction in NOX and smoke emissions; however, the emissions 
of HC and CO were higher than diesel. Due to the lower cetane number of 
ethanol, the ignition delay was reported to be longer and hence the peak heat 
release rate and maximum pressure rise rate were pointed out to be higher.  
Maurya et al [182] incorporated HCCI technology in a diesel engine so 
as to operate ethanol as sole fuel. In their work, the inlet air was preheated 
from 120°C to 150°C and the fuel/air equivalence ratio was varied to achieve 
stable combustion. For this purpose, a heater was deployed in the inlet 
manifold and ethanol was injected into the inlet port, prior to the inlet valve, 
and the fuel injection timing and duration were controlled by a separate 
control circuit. In consequence of the reported experimental investigation, 
ethanol operated in HCCI mode was observed to show an IMEP of 4.3bar, 
whereas the gas efficiency was noted to be 97.45%. Further, at a relative air 
fuel ratio of 2.5 and inlet air temperature of 120°C, the indicated thermal 
efficiency was observed to be 44.78%, with a maximum reduction in NOX 
emission, while HC and CO emissions were increased.  
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Figure 2.1 Comparison of combustion process of dual fuel engine with HCCI, CI 
and SI engine 
The operation of pure ethanol in a single cylinder diesel engine 
through port injection of ethanol was also reported by Zhang et al [183] and 
Xie et al [184]. Contrary to the dual fuel mode of operation of ethanol, the 
HCCI mode manifests a different type of combustion. To envisage this, the 
fuel air mixing process and combustion of air/fuel mixture zones are 
demarcated for HCCI, dual fuel injection, CI and SI engines, and are shown in 
Figure 2.1. In dual fuel mode, the premixed air/fuel mixture that enters the 
combustion chamber is ignited by the auto-ignition of diesel whereas, in HCCI 
operation, the injected fuel pervades the whole combustion chamber to 
accomplish uniform combustion and is not initiated by the burnt flame front as 
in gasoline engine.  
Liu et al [185] constructed a constant volume combustion chamber, 
involving an electronically controlled unit injector, a pressure transducer, a 
flame luminosity measuring device, an electric heater, oil and fuel lines, and 
all other essential accessories in-order to replicate the scenario of a diesel 
engine so as to operate butanol and soy biodiesel as neat fuel. For this reported 
experiment, two ambient temperatures of 800K and 1000K were maintained 
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while at a specific air density, the concentration of oxygen was varied and kept 
at three different values of 21%, 16% and 10.5%, reflecting no EGR, medium 
EGR and heavy EGR conditions, respectively. It was noticed that neat butanol 
showed higher peak pressure than soy biodiesel and the auto-ignition of it, 
despite its lower cetane number, was not affected when the concentration of 
oxygen was varied from 16% to 10.5%. At 800K, the net soot formed 
decreased with the decrease in oxygen concentration for soy biodiesel 
whereas, there was literally no soot formed for butanol. However, at 1000K, 
the net soot formed increased with the decrease in oxygen concentration for 
both butanol and biodiesel.  
The two main factors that are deemed to inflict difficulties in the 
operation of neat ethanol as a sole fuel for diesel engine, higher self-ignition 
temperature and lower cetane number, were addressed by Karthikeyan et al 
[186]. In their study, to counteract the higher self-ignition temperature, they 
deployed a glow plug and a part of ethanol injected was made to touch 
electrically heated hot surface (glow plug) for providing ignition assistance. 
To prevent the ignition delay caused by lower cetane number of ethanol, the 
engine components were coated by zirconia, a material with poor thermal 
conductivity. By this measure, the heat trapped during the combustion process 
helped in reduction of ignition delay and thus combustion is promoted.  
2.5.2. Sole fuel mode of operation for eucalyptus oil  
Since eucalyptus oil possess lower cetane value like alcohols, ignition 
of it is not straight forward and when it is used in 100%, additional source to 
auto ignite the fuel is obligatory. In order to exploit the full potential from 
eucalyptus oil and operate it in sole fuel mode, Tamilvendhan et al [78], 
installed an air pre-heater in the inlet manifold to help auto ignite the fuel. It 
may be mentioned here that the sufficient increase of air temperature 
contributes to the better burning of eucalyptus oil. In consonance with this 
notion, when eucalyptus oil was tested as sole fuel in diesel engine, a 50% 
reduction in smoke emission was noted at almost all loading conditions, while 
the BTE was observed to be in par with diesel. Significantly, as the 
temperature of the air increases, the density is deemed to decrease, affecting 
the volumetric efficiency of the engine, which has not been addressed so far.  
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2.5.3. Summary and future recommendations  
Despite the laborious efforts to be paid in utilizing less viscous fuels as 
sole fuels, researchers have ventured into capitalizing them as neat biofuel and 
have forbidden the use of fossil fuels in diesel engine. Among the less viscous 
fuels, ethanol and methanol have been given much consideration as sole fuel 
and in-order to comprehend their usability, many fundamental studies such as 
spray, atomization and flame characteristics have been accomplished [187-
189]. Though the plant based fuel, eucalyptus oil, is attracting increasing 
attention, comprehensive study of their spray and flame characteristics have 
not been studied so far, which is necessary to realize its quantitative behavior 
when being used as neat fuels. Therefore, with subtle efforts, these 
fundamental studies for eucalyptus oil have to be executed in the near future. 
2.6. Conclusions 
In this work, several light oil biofuels such as ethanol, methanol, and 
eucalyptus oil were classified under the category of less viscous fuels and a 
detailed review on their mode of operation in diesel engine has been made. 
The viable ways of operating less viscous fuels in a diesel engine have been 
depicted in Figure 2.2, which is deemed to convey the intended summary of 
this review work in a nut shell. Since the review on use of alcohol-diesel 
blends has been dealt already by many researchers, the other strategies 
formulated so far to make them feasible for their operation in diesel engine has 
been discussed in the current work. However, for eucalyptus oil, a complete 
summary of their operational modes like using them in blends with 
diesel/biodiesel and sole fuel modes have been considered. Further, the engine 
characteristics such as performance, combustion and emission for these less 
viscous fuels on various modes of operation have been delineated. From the 
extensive review work on less viscous fuels, it has been construed that these 
fuels could emerge as an effective replacement of diesel in a diesel engine. 
Further, the three modes of operation of these fuels such as blend, dual fuel 
and sole fuel were applicable. Typically, based on the requirement and 
application, the desired method can be chosen, given that each mode of 
operation has its own pros and cons.  
 Figure 2.2: Methods employed for using various less viscous fuels in a diesel engine 
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In the wake of petroleum fuel shortage, it is necessary to adapt these 
less viscous fuels in the right earnest. The idea of adapting less viscous fuels 
for transport application seems improbable in the current scenario on account 
of the issues such as drivability, fuel economy, comfort and others, which 
really demands a great deal of research and development. Therefore, in future, 
stationary diesel engines, used in agricultural and marine applications could be 
investigated using these less viscous fuels as they are prone to operation for 
longer hours at constant speed, in particular at specific load conditions.  
Associated Publication: 
o Vallinayagam R, Vedharaj S, Yang WM, Lee PS, Chua KJE, Chou SK. 
Feasibility of using less viscous and lower cetane (LVLC) fuels in a diesel 
engine: A review. Renewable and sustainable energy reviews. (under 
review) 
 CHAPTER 3 
3. Materials and methods 
3.1. Pine oil biofuel – An overview 
Pine oil biofuel, a renewable biomass based source of fuel, is unique in 
that the feedstock originates from the forest and can be blended with 
petroleum-based diesel fuel. In general, pine tree is widely grown for its bark, 
wood, tar and essential oil which can grow up to 40 meters. The essential oil 
obtained from pine tree is called pine oil, which is pale yellow in color and has 
a fresh forest smell. The estimated world production of pine oil was reported 
to be 30,000 tons per annum [190] and the demand for it by 2022 was 
predicted to be 853,894 tons [191]. Typically, there are three different 
varieties of pine oil known as gum, wood and sulphate pine oil, each being 
produced from different parts of pine tree and have their own distinctions. 
Among the three categories, the gum pine oil is of much significance and the 
raw material used for the synthesis of it is called pine oleoresin. Apparently, a 
pine tree can deliver an average of 2.75 kg of pine oleoresin, which contains 
about 20% turpentine and 65% rosin, and the turpentine present in it is then 
further processed to produce pine oil.  
3.2. Production of pine oil 
The steps involved in the production of pine oil have been detailed in 
Figure 3.1. The raw material for producing pine oil is oleoresin, which is 
collected separately from the pine tree by the process of tapping. To being 
with, the oleoresins are first washed and placed in a reactor, surrounded by 
cylindrical coils, which facilitates the supply of hot steam. After the passage of 
steam, oleoresins are separated into rosin and turpentine vapours, the latter is 
then sent into a condenser and liquid turpentine was collected. The turpentine 
by itself is bio oil, containing low boiling fraction compounds such as α-
Pinene and β-pinene as its major constituents. After the separation of the low 
boiling fraction compounds from the oleoresins, rosin is left behind as residue, 
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which has the characteristics of camphor. To synthesize pine oil, turpentine is 
allowed to react with ortho-phosporic acid and at the end of the reaction; pine 
oil is collected as an essential oil.  
3.3. Composition of pine oil 
We inspected the constituents of pine oil using GC-MS and identified 
pinene (C10H16) and terpineol (C10H18O) as its major constituents. The 
compositional analysis was carried out in GC-MS with the column 
specification of 200°C operating temperature, 2°C/min ramp rate, 2µl/min 
flow rate and 80:1 split ratio. The retention time achieved for each constituent 
was compared with standard database to figure out the individual components 
and the obtained GC-MS spectrum for pine oil is shown in Figure 3.2. Further, 
to better comprehend the two major constituents of pine oil, the mass spectrum 
of terpineol and pinene have been shown in Figure 3.3. However, unlike 
methanol and ethanol, the alcohol group present in pine oil was noted to be 
terpineol, a tertiary alcohol, and the presence of pinene in it makes some 
Figure 3.1: Production of pine oil biofuel 
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distinctions to its quality. However, similar to lower alcohols, such as ethanol 
and methanol, pine oil (terpineol) has carbon, hydrogen and oxygen atoms in 
its structure, emerging as a renewable source of fuel in the realms of other 
alternate fuels. Chemically speaking, pine oil is an alicyclic hydrocarbon and 
from its molecular structure, it is evident that it has lower molecular weight 
and shorter carbon chain length than that of diesel or biodiesel. In addition, it 
could be inferred that pine oil has inbuilt oxygen within its structure that is 
expected to enhance the combustion process. It is a matter of fact that pine oil 
has lower carbon to hydrogen (C/H) ratio, enabling complete and smokeless 
combustion. It could be noted that pine oil entails –CH2-, >C<, >CH-, =C< 
and =CH- as ring group members and –CH3, -OH as non-ring group members. 
Conclusively, the lower molecular weight, inherent oxygen, shorter carbon 
chain length and presence of double bonds of pine oil biofuel are believed to 
have an impact on its fuel properties.  
 
Figure 3.2: Composition of Pine oil biofuel 
  
Figure 3.3: Mass spectrum of (a) pinene (b) terpineol
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3.4. Properties of pine oil biofuel 
3.4.1. General properties 
Normally, with an experimental investigation of biofuels in a diesel 
engine, the physical and thermal properties of it are determined by required 
standards. In this connection, the main properties such as density, viscosity, 
calorific value, boiling point, cetane number, pour point, fire point, flash point, 
carbon residue, sulfur content, phosphorous content and acid value are usually 
determined. Since pine oil being a new fuel, all these properties were 
determined by ASTM standard methods for the first time and has been 
portrayed in Table 3.1, along with the detailed specification of the standards 
being used for the measurement. As an attempt to understand the properties of 
pine oil, a comprehensive comparison is made with other contemporary fuels 
like biodiesel, alcohols and diesel, as detailed below.  
3.4.1.1. Comparison with conventional petroleum diesel 
Pine oil is identified to have lower viscosity, boiling point and flash 
point than conventional petroleum diesel, which is bound to enhance 
vaporization, atomization and mixing of it with air. Adding to this, pine oil 
was noted to have comparable calorific value with diesel, and therefore, it is 
not expected to concede any power loss or increase in fuel consumption. 
However, the latent heat of vaporization and self-ignition temperature of pine 
oil was observed to be slightly higher than diesel, affecting its auto-ignition 
characteristics. In addition, the cetane number of it has been noted to be lower 
due to shorter carbon chain length; resulting in poor ignition quality of it, and 
this is further deteriorated by its higher self-ignition temperature. Therefore, it 
is required to provide some ignition support for the successful operation of it 
in a diesel engine like blending them with higher cetane fuel, adding ignition 
promoters, preheating the inlet air or operating it in dual fuel mode. The cold 
flow properties such as pour point and cloud point were found to be lower than 
diesel, due to its lower viscosity. Besides this, the other properties such as 
acidity, carbon residue, copper strip corrosion, sulfur and ash content are 
found to be in compliance with standards and conform to the use of pine oil as 
pertinent alternate fuel in a diesel engine.  
 Table 3.1: Property comparison of pine oil with diesel and other biofuels  





Density (kg/m3) ASTM D1298 875.1 822 789 790 876 
Kinematic viscosity (m2/s) ASTM D445 1.3*10-6 3.6*10-6 1.2*10-6 0.59*10-6 4.75*10-6 
Acid number (mg of KOH/g) ASTM D664 0.1    0.5 
Flash point (°C) ASTM D92 52 74 13 11 152 
Boiling point (°C) ASTM D1160 150 – 180 180 -340 78 64 360 
Gross calorific value (kJ/kg) ASTM D240 42800 42700 26800 19700 37700 
Sulfur content (%) ASTM D5453 Less than 0.005 Less than 0.025 0 0 Less than 0.005 
Calculated cetane index ASTM D976 11 52 5-8 <5 55.7 
Cloud point (°C) ASTM D2500 -12 -15 ~ 5 >10 - 5 
Pour point (°C) ASTM D97 -12 -35 ~ -15 - - 0 
Copper strip corrosion  ASTM D130 Not worse than No.1 
Not worse than 
No.1 - - - 
Ash content  ASTM D482 Less than 0.01% 100 Max - - - 
Latent heat of vaporization (kJ/kg) ASTM D2071 300 265 900 1170 - 
Auto-ignition temperature (°C) ASTM D659 300 250 - 300-340 - 
Stoichiometric air to fuel ratio ASTM PS 121 14 15 9 6.5 13.8 
(Data collected for ∗ from open literatures ( [72, 73], [70, 71, 192] ) 
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3.4.1.2. Comparison with lower alcohols 
A comprehensive comparison of various properties of methanol and 
ethanol, as collected from open literatures, is made with pine oil. Incidentally, 
the physical - thermal properties of pine oil have close resemblance to the 
properties of lower alcohols, while there are also few distinctions with respect 
to certain other properties. Strikingly, pine oil and lower alcohols have two 
phenomenon in common, which is with their lower cetane number and 
viscosity. On the other hand, when compared to alcohols, pine oil has higher 
calorific value, and therefore, it is not believed to pose any problems of loss in 
engine power like ethanol or methanol. Moreover, the latent heat of 
vaporization of pine oil is much lower than ethanol and hence it is not prone to 
any cooling effect, avoiding the cold start problems. Finally, the boiling point 
and flash point of pine oil were found to be higher than alcohol, elucidating 
that evaporation of alcohol is far superior to pine oil.  
3.4.1.3. Comparison with biodiesel 
The properties of the pine oil were also compared with conventional 
biodiesel to elucidate the advantages and disadvantages of pine oil over 
biodiesel. Unlike biodiesel, which is synthesized from triglycerides, pine oil is 
extracted from the plant based source and hence the composition and attributes 
of it are quite distinct. Notably, the characteristics of pine oil are antagonistic 
from biodiesel with biodiesel tending to have a higher viscosity and cetane 
number, while pine oil has lower viscosity and cetane number. In addition, 
biodiesel are reported to have longer carbon chain length, whereas, pine oil 
has shorter carbon chain length and thus the carbon to hydrogen ratio of pine 
oil is lower, which does have an effect on engine soot and particulate 
emissions. Further, the boiling and flash point of pine oil are lower, enabling 
superior evaporation than biodiesel. However, since pine oil does not have any 
free fatty acid content, its lubrication characteristics are not appreciable, which 
necessitates the addition of lubricants. Since pine oil could be readily blended 
with biodiesel, the stability of the blends is identified to be intact even after 
prolonged period of storage. Therefore, pine oil offers an advantage of 
operating it in blends with diesel in a diesel engine without any phase 
separation unlike alcohols.  
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3.4.2. Thermo gravimetric analysis of pine oil 
To ensure the thermal stability of pine oil, a thermo-gravimetric 
analysis of it was conducted in air and nitrogen atmosphere at the ramp rate of 
20°C/min and has been shown in Figure 3.4 and Figure 3.5, respectively.   
 
Figure 3.4: Thermo gravimetric analysis of pine oil in air atmosphere 
 
Figure 3.5: Thermo gravimetric analysis of pine oil in N2 atmosphere 
Thermal stability of a fuel can be determined from the onset 
temperature of its decomposition. Significantly, TGA analysis of pine oil 
showed the thermal stability of it to be 180°C. At 180°C and beyond 180°C, 
there were no traces of pine oil as the degradation of it is much faster owing to 
its lower viscosity and surface tension.  
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3.4.3. Fundamental properties of pine oil 
Having explored the basic properties of pine oil biofuel, we have set 
sight to appraise its fundamental spray and evaporation characteristics. Before 
experimentally testing and optimizing the characteristics of a diesel engine 
when fueled by pine oil, it is required to examine the fundamental properties 
of it, as both of these studies are pointed out to be crucial in ensuring its 
combustion in the engine. Incidentally, since this pine oil biofuel is a new fuel 
and there are no precedents available for it in open literature, a thorough 
examination of the fundamental properties such as fuel spray and evaporation 
are dealt herein. 
3.4.3.1. Evaporation characteristics of pine oil  
3.4.3.1.1. Background 
After atomization of fuel into droplets in the combustion chamber, the 
fuel droplets vaporizes and mixes with air, before being spontaneously ignited 
by the higher pressure and temperature of the in-cylinder air. In order to 
comprehend the combustion process profoundly, study on droplet evaporation 
is vital. Based on this, many researchers have conducted a single droplet 
evaporation study and conventionally, the evaporation characteristics have 
been evaluated in terms of variation of droplet squared diameter with time and 
evaporation constant. In an attempt to explore the evaporation attributes, 
Ghassemi et al [193] remarked that study on the evaporation phenomenon of a 
single fuel droplet is crucial, given the insights gained from the study are 
essential to elucidate the spray, vaporization and combustion process. 
Historically, the evaporation studies of fuel droplet commemorated early since 
1950’s, paving way to the formulation of d2 law wherein, the square of droplet 
diameter decreased linearly with time. Besides the single component droplet 
study, multi-component fuel droplet evaporation studies for various fuel 
blends have been uprooted, much to the interest of the researchers who 
contemplate on conceiving an alternate fuel for diesel engine. In this regard, 
Elkotb et al [194], through his research study, clearly demarcated the 
difference in evaporation behavior of single and multi-component fuel droplet 
for commercial fuels such as kerosene, diesel and gasoline. The reported study 
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declared that fuel evaporation is affected by fuel blending and this effect is 
more pronounced when the volatility of fuels is being blended are distinct. 
Categorically, Morin et al [195] characterized the vaporization rates of 
rapeseed methyl ester (RME) and sunflower methyl ester (SME) between 
temperature of 473 and 1020 K at atmospheric pressure. From their study, the 
vaporization characteristics of vegetable oil methyl esters were found to be in 
compliance with D2 law, with RME and SME reporting slower evaporation 
rates than n-heptane, due to their higher enthalpy of vaporization. Following 
this fundamental study on vaporization characteristics of biodiesel, Morin et al 
[195] demonstrated the combined effect of pressure and temperature on the 
evaporation characteristics of n-alkane and n-decane. Notably, the 
vaporization parameters such as droplet diameter, average evaporation rate, 
heating and vaporization times were studied at pressure ranges of 0.1–10 MPa 
and temperature ranges of 293–973K. This study showed that when the 
ambient temperature is closer to critical temperature, vaporization rate 
increased with pressure, and reported a strong dependence of pressure and 
temperature on vaporization time.  
Under normal gravity conditions, Ghassemi et al [193] explored the 
evaporation characteristics of kerosene droplet at high temperature (between 
500 and 1000°C) and high pressure (between 0.1 and 3.0 MPa). In their view, 
the evaporation rate of kerosene, evaluated from the rate of change of droplet 
diameter, was found to be increased with the increase in temperature. 
However, Nomura et al [196], in an attempt to deduce the evaporation 
characteristics of liquid fuel accounting micro gravity condition, which 
prevents natural convection, reported only an initial increase in evaporation 
rate. In another study, Abu-Zaid [197] emphasized the fundamental 
contribution of the underlying physics, such as mass and heat transfer, behind 
the evaporation of water – diesel and water – kerosene droplets. Unlike 
kerosene and diesel, emulsified diesel and kerosene exhibited lower 
evaporation time on account of decrease in critical surface temperature. From 
the above discussion, suspended droplet experiment was found to yield fairly 
accurate results on the droplet evaporation and hence, in the current work, the 
same methodology has been adopted  
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3.4.3.1.2. Suspended droplet experiment – Setup and arrangement 
The equipment and accessories involved in the droplet evaporation 
study, as shown in Figure 3.6, are a quartz fiber with a bead at its end to 
suspend the droplet, a vertical cylindrical tunnel surrounded by a heating tape 
connected to electrical supply and an air supply system comprising of 
compressor, pressure regulator and rotameter. The vertical cylindrical tunnel, 
along with the heating tape, has been insulated using ceramic wool to prevent 
heat loss. A fuel is selected for experimentation and is taken in a syringe. 
Carefully, a particular quantity of the fuel is gradually injected in the 
suspender so that a droplet of a certain initial diameter gets suspended in the 
quartz bead. Hot air, with a given temperature and velocity, is passed through 
the cylindrical tunnel over the carefully suspended fuel droplet.   
 
Figure 3.6: Suspended droplet experiment – Setup and arrangement 
The above setup has been calibrated as follows: a given air flow rate is 
set in the rotameter and a given voltage is maintained across the terminals of 
the heating tape. The air temperature is recorded around the point, where the 
droplet has to be suspended. This procedure is repeated for different air flow 
rates and input voltages for the heating tape. A high-definition video of the 
vaporization process of the suspended droplet is then captured using a high-
definition digital camera (CASIO EX-F1 model) at the rate of 30 frames per 
second. This high definition video is then converted to digital images and the 
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obtained images (8-bit grey scale images) are processed in MATLAB to 
estimate the droplet regression. A typical droplet image is shown in Figure 3.7 
and the average diameter (average of major and minor diameters) of the 
droplet in each of such images is obtained through the MATLAB code, which 
identifies the edges in each image using the intensity of the image. In the 
parametric studies, the ambient temperature has been within 30 – 35°C, air 
velocity is selected as 0.15 m/s and the air temperature has been setup to 
150°C, keeping in mind the boiling points of the fuels used. The experiments 
are carried out at least for five times to obtain consistent data and for current 
investigation, the evaporation characteristics of pine oil such as droplet 
regression, evaporation rate and time are compared with conventional diesel.  
 
Figure 3.7: Typical 8-bit grey scale image of an evaporating droplet 
3.4.3.1.3. Droplet regression 
The time evolution of droplet squared diameter with respect to time 
has been regarded as the droplet regression, which has been shown in Figure 
3.8 for pine oil and diesel. Since the boiling range of pine oil is 150°C - 
180°C, the temperature of the hot air flowing through the duct was maintained 
at an optimum value of 150°C and the evaporation characteristics were then 
examined. From Figure 3.8, it is evident that the square of droplet diameter 
decreased linearly for pine oil and diesel with respect to time at an air 
temperature of 150°C, complying with the conventional D2 law. The 
properties of the fuel do have an impact on its evaporation characteristics and 
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this is clearly evident from the regression pattern of pine oil and diesel, 
showing better evaporation for pine oil than diesel. At 150°C, the initial 
heating phase is tangible for pine oil than diesel, elucidating that the 
volumetric expansion of pine oil could be realized thoroughly at its boiling 
temperature. Initially, the diameter of the pine oil droplet increases up to a 
certain level and then starts to decrease, with the maximum increase found to 
be 1%, relative to the initial droplet diameter, as seen from Figure 3.8. This 
phenomenon was also observed by Ghassemi et al [193], when studying the 
evaporation characteristics of kerosene fuel droplet and reported the 
volumetric expansion of the droplet as the reason behind the peak noted in the 
initial heating phase of the regression curve, which is in compliance with the 
results of present study. On the other hand, diesel showed higher heat up 
period than pine oil and its surface regression rate is slower and this could be 
attributed to the higher flash point, viscosity and boiling point of diesel than 
pine oil. In a comparison, the linear portion of the regression curve is attained 
earlier for pine oil, due to its higher volatility and lower viscosity, enhancing 
the droplet evaporation. Consequently, the final plateau, where the droplet 
diameter attains bead diameter, approaches earlier for pine oil than diesel, 
reducing the droplet evaporation time. Invariably, most of the surface 
regression curve is linear for pine oil, though some heat up period was visible.  
 
Figure 3.8: Droplet regression curve for pine oil and diesel at an ambient 
temperature of 150°C 
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3.4.3.1.4. Evaporation rate and time 
The negative rate of change of the droplet squared diameter is 
quantified as evaporation rate and is extrapolated from the central linear 
portion of D2 curve (Figure 3.8), by fitting the best line of linear fit. For this 
purpose; initial volumetric expansion and final plateau region of the surface 
regression curve are excluded. The evaporation rate of various test fuel at 
150ºC has been shown in Table 3.2 and pine oil was shown to have an 
evaporation rate of 0.054 mm2/sec at 150°C, while the evaporation rate of 
diesel was noticed to be 0.018mm2/sec. Apparently, the linear portion of the 
regression curve, as shown in Figure 3.8, is steeper for pine oil than diesel, 
implying higher evaporation rate for it. Previously, Morin et al [195, 198] 
demonstrated superior evaporation rate of n-heptane (diesel) than methyl ester 
of soya (SME) and rapeseed oil (RME) and reported that the evaporation of 
RME and SME droplet are not straight forward due to their higher viscosity, 
affecting the fuel evaporation rate. However, in our case, pine oil has lower 
viscosity than diesel, which in turn manifests higher evaporation rate than 
diesel, as depicted in Table 3.2.   
Table 3.2: Evaporation constant and time for pine oil and diesel at an ambient 
temperature of 150°C 
Evaporation time, the time taken by the droplet to reach 50% of the 
droplet initial surface area, is noticed to be higher for diesel and at 150°C, 
complete evaporation of it is not realized. Pine oil droplet, when subjected to 
hot air at 150°C, tends to evaporate faster than diesel, discerning an 
evaporation time of 52 seconds for the reasons as explained above. Notably, 
the evaporation time of pine is decreased by 60% than that of diesel at 150ºC. 
In summary, the evaporation characteristics of pine oil are noticed to be 
superior to diesel at 150°C and even at lower or higher temperatures, the 
scenario is likely to prevail, given pine oil has lower viscosity, flash point and 
boiling point than diesel. 
Fuel used Evaporation time (s) 
Evaporation constant 
(mm2/s) 
Pine oil 35 0.054 
Diesel 134 0.018 
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3.4.3.2. Spray characteristics of pine oil biofuel 
3.4.3.2.1. Background 
With the notion that pine oil evaporates faster than diesel, as confirmed 
through the suspended droplet experiment, it is also essential to examine the 
spray characteristics of this novel biofuel. Over the times, there have been a 
number of experimental ventures to explore the characteristics of diesel spray 
and details on spray breakup, penetration, cone angle, droplet diameter (sauter 
mean diameter), spray tip velocity and force exerted by the spray have been 
documented. Since these data’s are indispensible to ascertain the combustion 
and emission characteristics of a diesel engine, a diligent exploration of these 
spray characteristics is crucial.  
With the invasion of biofuels as potential alternate fuels for diesel 
engine, many researchers endeavored to study their spray characteristics, 
given the properties of them are distinct. Reportedly, Gao et al [199] 
experimentally studied the spray characteristics of biodiesel, derived from 
inedible oil, and pointed out that with the increase of biodiesel proportion in 
the blend, the penetration length and velocity of spray increases, while the 
cone angle was noted to be decreased. According to their report, higher droplet 
size and dense spray pattern for biodiesel had increased the momentum of the 
spray and thereby, spray penetration length is increased. Similar such results 
and conclusions were drawn by Grimaldi et al [200] and Lee et al [201], when 
they experimentally investigated the spray characteristics of biodiesel. 
Furthermore, with the prejudice that high injection pressure would have a 
positive effect on atomization and fuel/air mixing process, Wang et al [202]  
indulged in an experimental work to study the spray behavior of biodiesel 
under ultra-high injection pressures. From their study, it was revealed that 
biodiesel rendered longer injection delay and spray tip penetration, and a 
linear relationship for spray tip penetration with respect to time were pointed 
out. Further, they determined the size of the biodiesel droplet and indicated an 
increase in SMD of biodiesel than diesel due to its higher viscosity and surface 
tension. Besides optimizing the fuel injection pressure, the influence of 
injector back pressure on spray tip penetration was also considered by few 
researchers. In this regard, Senatore et al [203] studied the impact of injector 
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back pressure on biodiesel spray behavior and pointed out an increase in spray 
tip penetration and decrease in spray cone angle than diesel.  
With as many reports on the experimental evaluation of spray 
characteristics of biodiesel being surfaced, the spray study on other category 
of biofuel, biofuels with lower viscosity, has also been brought to fore. 
Apparently, DME and ethanol are the two prominent less viscous fuels, and in 
light of their distinct properties, they tend to exhibit a different spray pattern. 
Reportedly, Suh et al [204] measured the macroscopic spray characteristics of 
DME spray and conceded shorter spray tip penetration length and larger spray 
cone angle when compared to diesel. Characteristically, these parameters were 
measured under various ambient pressure and temperature conditions, and it 
has been reported that increase in ambient temperature decreases the liquid 
phase of spray while an increase in ambient pressure causes an increase of 
liquid phase. In addition, the microscopic spray characteristics such as axial 
mean velocity and droplet size distribution were measured by them using 
phase doppler particle analyzing (PDPA) system and in a comparison with 
diesel, SMD of diesel was noticed be larger than DME. To ascertain the effect 
of higher fuel injection pressure on spray characteristics of DME, Kim et al 
[205] and Suh et al [206] introspected the spray pattern of DME using a 
common rail fuel injection system and reported a decrease in spray tip 
penetration length and increase in cone angle on account of its lower viscosity 
and higher evaporation rate. Furthermore, the spray characteristics of ethanol 
has been studied thoroughly by many researchers, with a recent study pointing 
out a decrease in spray tip penetration length and increase in cone angle for 
ethanol [207]. In an another study, Park et al [90] demonstrated an 
improvement in spray characteristics of biodiesel, when it is being blended 
with ethanol due to lower kinematic viscosity and surface tension of ethanol. 
From their reports, the droplet size of ethanol blended biodiesel was 
comprehended to be lower than pure biodiesel and it was further reduced when 
the energizing duration was increased. Ironically, the spray characteristics of 
DME and ethanol are better than diesel in the sense that it possesses lower 
viscosity and surface tension; however, their characteristics are in complete 
contrast with the spray pattern of biodiesel.  
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From the above discussion, it is well construed that the spray 
characteristics of fuel is very vital.  The improved atomization of the fuel does 
improve the air/fuel mixing process and hence the engine performance and 
emission are improved. Since spray characteristics is crucial in determining 
the engine performance and emission, it is, therefore, necessary to conduct a 
fundamental spray study for pine oil biofuel, prior to the engine experiments. 
The experiment was carried in open atmospheric conditions with ambient 
pressure and temperature and the spray characteristics of it were compared 
with diesel. 
3.4.3.2.2. Spray formation - Theory and terminologies 
As the spray is injected from the nozzle, the break of the liquid jet 
happens by three mechanisms viz turbulence within the liquid phases, 
implosion of cavitation bubbles and aerodynamic forces acting on the liquid 
jet [208]. The liquid region of the spray vanishes after a certain axial distance 
from the nozzle tip due to turbulence and this region is termed as liquid length. 
After which, the liquid core fragments into larger fuel droplets by the action of 
liquid jet force and this scenario is termed as primary break up. In the ensuing 
spray, fine mist of fuel droplets would be envisaged, which could be regarded 
as the secondary break up, and at the same time, vapors of the droplet emanate 
and are engulfed in the outer periphery of the spray. The total axial length 
traversed by the spray from the nozzle tip to the end of the spray is termed as 
the spray penetration length, while the spray cone angle is defined as the angle 
formed between the nozzle tip and the two lines that traverse the outer 
periphery of spray.  
3.4.3.2.3. Experimental procedure 
 The experimental setup involves a mechanical 3 hole injector 
precisely used in kriloskar TV1 stationary diesel engine, a mechanical fuel 
injection pump, fuel tank, light source, high speed digital camera and pressure 
gauge. The layout of the experimental set up, manifesting the operation of this 
fuel injection system to capture the fuel spray has been portrayed in Figure 
3.9. The injector is fixed in the fixture, specifically designed to hold it, and the 
required injection pressure of 220 bar has been set by adjusting the screw 
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mounted over the top of injector in such a way that the tension of the injector 
spring controls the opening of the nozzle. Appropriately, the fuel from the tank 
is pressurized through a mechanical fuel pump and the pressure at which the 
nozzle opens is noted as the desired injection pressure in the pressure gauge. 
From the nozzle holes, fine spray of fuel seemingly pierces out and prime 
focus was made on a single spray to capture its development. To accomplish 
this, a high speed digital camera is employed with a higher resolution. A light 
source of suitable power rating has been deployed in the vicinity of spray 
developing region and a black screen was placed behind the spray to avoid 
glare and enhance clarity. The operation of the video camera and the control of 
force applied through the pump are synchronized to capture a full spray 
appropriately. The captured video is then converted into respective images 
through image J software and the extracted images are processed using a 
MATLAB code. The background of each and every image was subtracted and 
the domain of the clear spray was obtained as a binary image. With the camera 
resolution of 2000 frames per second, the time interval between each extracted 
images was noticeably 500 micro seconds. With clear images being made, the 
spray penetration length and the cone angle of the spray for each and every 
time step of the image were then calculated.  
 
 
Figure 3.9: Schematic diagram for spray study  
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3.4.3.2.4. Spray development  
The spray development images of pine oil and diesel, processed 
through image processing technique, has been shown in Figure 3.10. It could 
be noted that the spray development of diesel is more gradual, while that for 
pine oil, it is attained faster. This is due to the higher kinematic viscosity of 
diesel than pine oil, which prevents the fine spray of diesel from the injector. 
Previously, Suh et al [206], in their experimental spray study using less 
viscous DME, also asserted the impedance of diesel fuel being sprayed from 
the injector than DME, which is in concordance with the current results. 













Figure 3.10: Spray development images for diesel and pine oil 
Significant information that could be seen from the spray development 
is the liquid length of the spray. The axial liquid length for pine oil is noticed 
to be shorter than diesel and this is due to the lower viscosity and higher 
volatility of pine oil. From a recent study, it is noted that higher viscosity fuels 
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have poor volatility, which happens to increase the liquid length [209]. Since 
pine oil has lower viscosity, it is believed to show improved volatility and 
hence the liquid length is shorter. Moreover, even at ambient temperature, the 
outer region of the spray showed some tangible vapours and owing to the 
lower boiling point of pine oil than diesel, the formation of vapors in the outer 
region is more pronounced. In consequence, the spray development of pine oil 
is faster and wider. However, in non-evaporative conditions, like when the 
ambient pressure is increased, the formation of vapors could be prevented. 
Regardless of the operating conditions, pine oil is supposed to show faster 
spray development than diesel and presumably, due to higher evaporation rate 
of pine oil, the process of spray development and evaporation is likely to be 
faster inside the combustion chamber. 
3.4.3.2.5. Spray penetration length and cone angle 
Spray penetration length, defining the extent to which the spray can 
penetrate, for pine oil as well as diesel has been shown in Figure 3.11. As 
inferred from the figure, a reduction in spray tip penetration length for pine oil 
than diesel could be perceived from the spray pattern. In general, when the 
size of the droplet is more, the momentum is enhanced and therefore, the 
resistance to the forward movement of the droplet is reduced [199]. However,  
 
Figure 3.11: Spray tip penetration length for pine oil and diesel 
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less viscous fuels tend to liberate smaller droplets and there would not be any 
sufficient momentum to drag the droplet forward, resulting in decreased 
penetration length. In our case, since the viscosity of pine oil is extremely low, 
the droplet is dispersed finer and since the droplet is not heavy like diesel or 
biodiesel droplet, the momentum is reduced so as to decrease the spray 
penetration length. Notably, after 1ms, the penetration of pine oil is gradual 
due to its faster evaporation rate while diesel penetrates farther. Incidentally, 
the reported result of decreased penetration length is akin to the results for 
ethanol and DME, and hence, pine oil could be categorized under the category 
of biofuels along with ethanol and DME.  
As noted from Table 3.3, wider cone angle was observed for pine oil, 
when compared to diesel, due to its lower viscosity and surface tension as 
explained above. Similarly, an increase in spray cone angle for ethanol – 
blended biodiesel was reported by Park et al [91] due to the lower viscosity of 
ethanol. Moreover, due to enhanced atomization, the early breakup and 
collision of pine droplet hinders the spray penetration and spray cone angle 
was shown to be increased, which is in conformity with the reports of Park et 
al [210] when studying the spray behavior of less viscous ethanol fuel. 
Table 3.3: Spray cone angle for pine oil and diesel  
3.5. Test engine and instrumentation  
3.5.1. Experimental test rig 
The engine used for the experimentation is a stationary diesel engine of 
Kriloskar make, running at a constant speed of 1500rpm. This engine, which is 
typically a generator set, is said to be used for marine, agricultural and other 
industrial applications and is deemed to produce a maximum power output of 
5.2kW. Characteristically, this naturally aspirated diesel engine possesses a 
cylinder, cylinder head, piston, bowl in piston combustion chamber and other 
 Diesel Pine oil 
Trail 1 20.99 24.25 
Trail 2 21.51 23.92 
Trail 3 21.13 24.47 
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typical elements. The characteristic dimension of the bore, stroke and other 
specifications of the engine are shown in Table 3.4.  
Table 3.4: Engine specifications 
The engine being used is a four stroke engine and operates on a 
standard diesel cycle. Initially, the air is sucked through the inlet manifold, 
after filtering it in air filter, during the suction stroke. To avert any fluctuations 
with the air flow, an injection tank was deployed in the manifold, which ably 
damps out the pulsation produced by the engine. By this measure, the suction 
pressure was maintained constant, facilitating constant flow of air through the 
inlet manifold. After suction stroke, the air is compressed in the engine 
combustion chamber with the compression ratio of 17.5, which is supposedly 
the default value. As with the case of heat engine, the heat generated by the 
burning of the fuel is converted into useful piston work in the expansion stoke 
and remaining heat is lost through the cooling water and exhaust. In the 
exhaust stroke, the exhaust gases are expelled out through the exhaust 
manifold and various regulated emissions such as HC, CO, CO2, NOX and 
smoke were measured during the experimentation. For maintenance, 
lubrication oil, SAE 40, has been used for the lubrication of engine 
Type Four stroke, Kirloskar make, direct injection, 
constant speed ,vertical and  water cooled engine  
No of cylinders One 
Bore 87.5mm 
Stroke 110mm 
Compression Ratio 17.5:1 
Rated Power 5.2 kW 
Rated Speed 1500 rpm 
Dynamometer Eddy current 
Start of injection 23° BTDC 
Injection pressure 220 bar 
Type of injection  Mechanical pump-nozzle injection 
No of nozzle holes 3 
Lubricating oil SAE40 
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components, so as to prevent the wear and tear of the engine in long term. 
Finally, the engine, which is water cooled, has separate connections for 
supplying and returning the cooling water from a water sump. The schematic 
diagram of the engine experimental setup and arrangement has been shown in 
Figure 3.12. 
 
Figure 3.12: Schematic diagram of the engine experimental setup 
3.5.2. Engine instrumentation and various measurements 
3.5.2.1. Power measurement 
The engine is loaded by the eddy current dynamometer, which has 
been generally used to measure the power output of the engine. Notably, this 
dynamometer consists of stator and rotor. The stator is surrounded by 
electromagnets and the rotor has been directly coupled to the engine 
crankshaft. Generally, current is passed through the electro magnets and when 
the rotor rotates, an opposing electromagnetic force is generated and it induces 
a resistance to the rotor. To vary the load applied to the engine, the current 
supplied to the electromagnets is varied by an electronic controller and 
thereby, different opposing forces are produced. This force (F), which is 
exerted on the dynamometer, is measured by a strain gauge and subsequently, 
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the torque (T) is calculated by multiplying the measured force signal and the 
distance from the center of the shaft to the pivot point of the strain gauge (R),  
 =  ×  
Following the calculation of torque, the power developed by the engine 
can be evaluated if the speed at which the engine operates is known. In our 
case, the speed is measured by magnetic pick up principle, wherein, a toothed 
wheel is placed near the engine shaft and the pulse produced by it is noted as 
speed. Since the engine being used for the current research work has been kept 
at a constant speed of 1500 rpm, the BP at this speed can be calculated as 
follows,  




where, T is the torque in N-m, N is the rotational speed in rpm and S is the 
dynamometer constant  
3.5.2.2. Fuel consumption measurement 
The fuel flow rate was measured on volume basis using a burette and 
stop watch. Accordingly, the time taken for the consumption of 10cc of fuel (t) 
was noted and with this, the total fuel consumption (TFC) or flow rate of the 





where, ρ is the density of the fuel in g/cm3, v is the volume of the fuel 
consumed in cm3 (v=10 cm3) and t is the time in seconds. In order to improve 
the accuracy of the readings noted, the measurements were repeated for three 
times and finally, the average value of the three readings was taken for the 
calculation. From the TFC and BP, BSFC, the quantity of fuel required to 





The BSFC determines the performance of the engine and from which, 
the efficiency of the engine, which appraises the potential to convert the 
energy released from the fuel to useful power, can be calculated. The BTE is 
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defined as the ratio of the power developed by the engine to the heat input i.e 
the heat energy supplied by the fuel. Accordingly, the BTE of the engine can 





The heat input to the engine has been determined from the mass of the 
fuel consumed (TFC) as follows,  
 !"	#$%& =  ∗  
where, TFC is the mass of fuel consumed in g/s and Cv is the calorific value 
of the fuel in kJ/Kg. 
3.5.2.3. In-cylinder pressure measurement  
The in-cylinder pressure and cyclic variations of it are recorded using 
AVL combustion analyzer with AVL 619 Indi meter hardware and Indwin 
software version 2.2. The analyzer intrinsically has an analog to digital 
converter with 16 channels enabling external and internal triggering option, 
charge amplifier to amplify the small pressure signals and PC interface. While 
AVL piezo-electric pressure transducer with the sensitivity of 16:11 pC/bar 
was installed on the top of the cylinder head to measure combustion chamber 
pressure, a crank angle encoder was placed in the engine crank shaft to record 
the crank angle signal. The charge output of the piezo electric transducer, 
quantified as the desired in-cylinder pressure, was amplified using the 
amplifier. Subsequently, the amplified signals are converted into digital signal 
using an analog to digital converter and are noted as desired pressure readings 
in the PC interface. The recorded pressure and crank angle signals, captured 
and averaged after 100cycles of operation, were processed by the software in a 
PC interface to obtain the combustion parameters. Notably, the heat release 


















 is the heat release rate per crank angle, P is the in-cylinder pressure, 
V is the cylinder volume and *	is the specific heat ratio.  
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3.5.2.4. Emission measurement 
The regulated emissions such as HC, CO, CO2 and NOX were 
measured using AVL 444 di-gas analyzer on dry basis. These emissions are 
measured using the emission analyzer based on NDIR (non-dispersive infra-
red) principle by selective absorption. The exhaust sample to be evaluated was 
passed through a cold trap (moisture separator) and filter element to prevent 
water vapour and particulates from entering into the analyzer. Typically, HC 
and NOX were measured in parts per million (ppm) and CO, CO2 and O2 
emissions were measured in terms of percentage volume. Smoke level was 
measured in hartridge smoke unit (HSU) using a standard AVL 437 C smoke 
meter. The smoke is measured based on the principle of light extinction 
principle wherein, the amount of light blocked by the sample of exhaust gas 
from the diesel engine is measured in terms of smoke opacity.  
 CHAPTER 4 
4. Operation of pine oil in blend and sole fuel mode 
4.1. Combustion performance and emission characteristics 
study of pine oil in a diesel engine 
4.1.1. Problem statement 
Study on thermal and physical properties of pine oil reveals certain 
benefits such as lower viscosity, boiling point and flash point, with 
comparable calorific value with diesel. In addition, the evaluated spray and 
evaporation characteristics of it also confide superiority over conventional 
diesel, giving an assurance of improved combustion of it when being burnt in 
a diesel engine. However, without experimental evidence, such assumptions 
cannot be supported and hence in the right accord, the experimental 
investigation of pine oil in a diesel engine has to be incepted. Therefore, viable 
measures and strategies have to be contrived to operate the newly proposed 
fuel in a diesel engine.  
4.1.2. Solution and approach  
Based on the comprehensive literature review on the feasibility of 
using less viscous fuels in diesel engine, pine oil was construed to be used in 
three different modes such as blend, dual and neat fuel mode. To being with, 
in this chapter, pine oil was investigated in blend fuel mode so as to envisage 
the behavioral characteristics of it in a diesel engine and formulate the basic 
trend with which engine performance, emission and combustion are obtained. 
For the current study, the pine oil being used has been procured from the 
commercial store and has been utilized as it is. Different blends of pine oil 
with diesel such as 25% pine, 50% pine, 75% pine and 100% pine were 
prepared by stirring the mixtures in an ultrasonic agitator so as to keep the 
blend integrity. Finally, the prepared blends are experimentally investigated in 
a single cylinder diesel engine without any engine modifications. The 
performance, combustion and emission parameters such as BSFC, BTE, EGT, 
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in-cylinder pressure, heat release rate, CO, HC, smoke and NOX were 
analyzed at constant speed for various engine power output. 
Prior to starting the experiments with the reported blends of pine oil, 
the engine was made to run for 30 minutes with diesel so as to attain a steady 
state and create normal working temperature environment. After the test run, 
the base fuel was completely drained out from the tank, fuel pump and lines 
and replaced by test fuels. Further, before monitoring the results, the 
lubrication oil and cooling water temperature were noted to ensure whether the 
engine has reached warm up condition. The engine was loaded from 20% to 
100%, progressively in the steps of 20% by controlling the current supplied to 
the eddy current dynamometer. Since the engine being used is a constant 
speed engine, operated at 1500 rpm, the fuel pump is adjusted to maintain the 
constant speed at different loading conditions. All the readings, pertaining to 
the engine experimentation and investigation, were noted down at ambient 
conditions, when the engine was stabilized and has attained steady state 
condition. The experiments are repeated for three times and average of all the 
readings were taken, incorporated and used for calculations to enhance the 
accuracy with the obtained results. 
4.1.3. Uncertainty analysis 
An uncertainty analysis is imperative to ascertain the authenticity of 
experimental results derived out from a specific study conducted in engines. 
The errors and uncertainty emanate from the selection of instruments, 
environment, observation, calibration, operating and test condition and others. 
Therefore, some uncertainty with the instruments used for the experiments are 
inevitable, which are listed in Table 4.1. Using the percentage uncertainty of 
various instruments, the percentage uncertainty of several parameters like 
TFC, BP, BSFC, BTE and others were determined by  the method of 
propagation of errors, prescribed by Holman [211]. From the individual 
uncertainty of several parameters, which are dealt in the current experimental 
investigation using pine oil, the total uncertainty of the experiment was 
computed as follows, 
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Total experimental uncertainty = Square root of {(uncertainty of TFC)2 +   
(uncertainty of BP)2 + (uncertainty of 
BSFC)2 + (uncertainty of BTE)2 + 
(uncertainty of CO)2 + (uncertainty of 
HC)2 + (uncertainty of smoke)2 + 
(uncertainty of NOX)2 + (uncertainty of 
EGT indicator)2 + (uncertainty of pressure 
pick up)2}.  
= Square root of {(1)2 + (0.2)2 + (1)2 + (1)2 + 
(0.2)2 + (0.1)2 + (1)2 + (0.2)2 + (0.15)2 + 
(1)2}. 
= 2.26%  
Table 4.1: Uncertainty and measurement methods involved in the experimentation 
Measurement Accuracy  % uncertainty  Measurement technique 
Load  ±10N ±0.2 Strain gauge type load cell 
Speed  ±10rpm ±0.1 Magnetic pickup principle 
Burette fuel 
measurement  ±0.1cc ±1 Volumetric measurement 
Time ±0.1s ±0.2 Manual stop watch 
Manometer ±1mm ±1 Principle of balancing column 
of liquid 
CO ±0.02% ±0.2 NDIR technique 
HC ±10ppm 0.1 NDIR technique 
NOX ±12ppm ±0.2 NDIR technique 
Smoke ±1 HSU ±1 Opacimeter 
EGT indicator ±1°C ±0.15 k-type thermocouple 
Pressure Pick up  ±0.1 kg ±1 Magnetic pickup principle 
Crank angle encoder ±1° ±0.2 Magnetic pickup principle 
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4.1.4. Results and discussion 
4.1.4.1. Combustion analysis 
The combustion in compression ignition engine is an extremely 
complex process which depends on the properties of fuel, design of 
combustion chamber, fuel injection system and the engine operating 
conditions [212]. The parameters such as in-cylinder pressure and the heat 
release rate are significant in the context of combustion analysis. Figure 4.1 
shows the in-cylinder pressure and Figure 4.2 and Figure 4.3 shows the heat 
release rate curve and cumulative heat release rate curve with respect to crank 
angle for diesel, various blends of pine oil with diesel and 100% pine oil, 
when the engine is operating at full load conditions. It could be interpreted 
from Figure 4.1 that with the increase in proportion of pine oil the peak in-
cylinder pressure increases, and the maximum peak in-cylinder pressure is 
found for 75% blend and 100% pine oil. The attributes of the fuel play a vital 
role in ascertaining the combustion process. Since pine oil unlike other 
biodiesel has a very low viscosity, it is very likely to show an improved 
evaporation and mixing with the air. Moreover, for better combustion and fuel 
evaporation, viscosity of the fuel was declared as the decisive factor and less 
viscous fuels are prone to higher evaporation rate [48]. In compliance with 
this, lower viscosity of the pine oil biofuel is believed to increase the fuel 
evaporation rate and mixing with air. As a result, the combustion is more 
pronounced and this in turn reflects in increased in-cylinder pressure. 
Meanwhile, it can be observed from Figure 4.1 that 100% pine oil and blend 
fuels have an obvious longer ignition delay due to the significant reduced 
cetane number. Very interestingly, it is observed that the maximum pressure is 
deemed to occur at top dead center (TDC) for 100% pine oil, and this would 
increase the peak in-cylinder pressure and improve the performance of the 
engine in terms of fuel efficiency. For an analogy, the occurrence of maximum 
pressure at TDC could be compared to the results of Kannan et al [133], an 
experimental investigation reporting peak pressure closer to TDC due to 
longer ignition delay of fuel tested. The same study also disclosed higher 
cylinder gas peak pressure for less viscous micro emulsion fuels, like pine oil 
used in this study, due to proper atomization and complete combustion 
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However, owing to the increased pressure rise rate and peak pressure, the 
diesel engine is prone to more vibration, which was experienced while running 
the engine using pine oil. 
 
Figure 4.1: In-cylinder pressure for various pine oil blends at full load condition 
It can be observed from Figure 4.2 that the heat release rate curve 
exhibits an unique pattern in which with the increase in proportion of pine oil 
the maximum heat release rate increases. The 100% pine oil when compared 
with diesel shows a significant rise in the maximum heat release rate. 
Interestingly blends of 50% and 75% pine oil show similar heat release 
characteristics of 100% pine oil. As mentioned earlier, the much lower cetane 
number of the pine oil gives a longer ignition delay and hence the air fuel 
mixture get accumulated in the combustion chamber. The sudden burning of 
the accumulated mixture after the prolonged delay period makes the 
magnitude of initial heat release to rise rapidly which is quite tangible in the 
heat release curve. Further, due to entrapment of fuel/air mixture in the 
combustion chamber during the delay period, more quantity of fuel is burnt in 
the premixed combustion phase, resulting in higher premixed heat release rate. 
However, the mixing controlled combustion phase is rather steady and 
improved for pine oil blends, owing to the combustion promotion from the 
inbuilt oxygen present in the pine oil. Lower cetane value fuels ought to reveal 
more pronounced premixed combustion, as reported by Rakopoulos et al 
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[213], and the results of this experiment are an authentication of the above said 
phenomenon. Moreover, less viscous fuels are reported to have higher 
volatility and by this virtue, vaporization and mixture preparation are 
improved resulting in rapid heat release for pine oil and its blends. 
 
Figure 4.2: Heat release rate for various pine oil blends at full load condition  
 
Figure 4.3 Cumulative heat release for various pine oil blends at full load condition 
4.1.4.2. Performance analysis 
In consequence of quite distinct fuel properties of pine oil unlike the 
other biodiesel, noticeable results were obtained which shows a good 
performance compared to conventional diesel. Figure 4.4 shows the BSFC of 
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the engine for various loads. The graphs manifest lower BSFC for 100% pine 
oil when compared to its blends with diesel. Also, diesel shows higher specific 
fuel consumption meaning poor fuel efficiency and mileage than diesel. This 
may be due to the superior evaporation and mixing of pine oil over diesel. The 
lower viscosity of the pine oil provokes better atomization, which helps 
accomplish a faster and more complete combustion.  
 
Figure 4.4: Brake specific fuel consumption for various pine oil blends 
 
Figure 4.5: Brake thermal efficiency for various pine oil blends 
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The BTE for various power output of the engine is presented in Figure 
4.5. It is noteworthy to reiterate that the thermal efficiency of the engine relies 
on fuel consumption and the calorific value of the fuel. The calorific value of 
pine oil is comparable to diesel. It can be seen from Figure 4.5 that the 
proportionate addition of pine oil with diesel increases the efficiency of the 
engine. Devan et al [47], in their study using lower viscous eucalyptus oil, 
pointed out improved atomization, fuel vaporization and combustion of the 
fuel as reasons for increase in thermal efficiency than diesel. In our case too, a 
5% increase in the BTE can be observed for 100% pine oil due to the fact that 
pine oil has a lower viscosity, which improves the fuel atomization and 
combustion process. 
4.1.4.3. Emissions analysis 
 
Figure 4.6: CO emission for various pine oil blends 
Figure 4.6 shows the CO emission for various types of fuel selected. 
For most of the engine loads, especially at high load conditions, a reduction in 
CO level was observed for 100% pine oil and blend fuel. Furthermore, CO 
emission decreases with the increase of pine oil percentage. This is due to the 
combustion promotion from the oxygen enrichment of the pine oil. Hence 
there is less CO emission observed for pine oil and its blend. However, when 
the engine is operating at low load conditions, diesel produces less CO than 
pine oil and its blends, the reason behind it is: when the engine is operating at 
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low load conditions, the overall fuel air equivalence ratio is very low and the 
induction of oxygen from pine oil further brings it down, thereby affecting the 
combustion process and resulting in a relatively higher CO emissions for pine 
oil and its blends. The fashion and trend with which the results of CO 
emissions have turned out for various blends of pine oil is in concordance with 
the results of Jincheng et al [59] and Devan et al [47], while they 
experimented lower viscous renewable fuel, ethanol and eucalyptus oil 
respectively in a diesel engine. The level of HC emissions can be inferred 
from Figure 4.7. Similar to CO emission, it could be seen that the HC 
emission for 100% pine oil is lower than diesel because of effective 
combustion for most of the loads. The increased evaporation and mixing rate 
of fuel with air makes the fuel air mixture to get burnt fully. It is only at low 
load conditions, diesel produce less HC due to the reason indicated above. It is 
also observed that with the increase in load the HC emission increases as the 
mass of the fuel inducted into the cylinder is more and the fuel to air ratio is 
increased for both pine oil biofuel and diesel.  
 
Figure 4.7: HC emission for various pine oil blends 
The pattern of NOX emission for various pine oil blends and diesel is 
shown in Figure 4.8. When the engine is operating at high load conditions, a 
higher NOX emission level is observed for pine oil blends. This is due to 
higher temperature caused by increased pre-mixed burning. Because of the 
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prolonged ignition delay, there is accumulation of air fuel mixture in the 
combustion chamber while burning pine oil and its blends. Lee et al [132], in 
their study on ethanol – biodiesel - diesel blends, have elucidated the increase 
in peak combustion temperature due to the lower cetane number of fuel, 
triggering accumulation of fuel-air mixture and liberation of more heat. In the 
same token, Zhang et al [214] reported faster burning rate of n-butanol, due to 
longer ignition delay and hence a higher NOX emission was observed. For 
pine oil and its blends, after the delay period, the fuel gets burnt abruptly and 
this manifests itself with a higher peak heat release rate and a higher flame 
temperature. As a result, the emission level of NOX is more for 100% pine oil 
and its blends compared to diesel since NOX is proportional to the operating 
temperature. However, at low load conditions, more NOX is produced for the 
diesel due to the fact that it has relatively higher fuel to air ratio which 
predominates the combustion process at extreme low load conditions. 
 
Figure 4.8: NOX emission for various pine oil blends 
Figure 4.9 portrays the smoke emission characteristics of blends of 
pine oil with diesel for various loads of the engine. The smoke formation is 
attributed to either air fuel mixture that are too lean to auto ignite or air fuel 
mixtures that are too rich to ignite [18]. The presence of oxygen in pine oil 
aids in complete combustion. Similar conclusion was presented by Yoshimoto 
et al [118], when they added oxygenated fuel n-butanol with palm oil methyl 
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ester and reported a decrease in amount of smoke emission due to the increase 
in oxygen content in the fuel. As a result, a lower smoke level could be 
observed for 100% pine oil and its blends. At all loads, 100% pine shows 
reduced smoke emission and in particular there is a considerable reduction of 
about 70% at high load condition. 
 
Figure 4.9:Smoke emission for various pine oil blends 
 
Figure 4.10: Exhaust gas temperature for various pine oil blends 
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Figure 4.10 shows the variation of EGT for various loads with diesel, 
pine oil and various blends. EGT was found to be lower for pine oil and its 
blends due to higher energy conversion efficiency and more efficient 
combustion. In general, there is a presumption that late start of combustion, in 
event of ignition delay, is bound to cause higher EGT, as noted by 
Karthikeyan et al [77]. The results arrived for pine oil and its blends are 
opposite to the above notion due to effective and more complete combustion. 
In this study, the lower EGT for pine oil and its blends indicates that there is 
no late burning in the tail pipe. 
4.1.5. Conclusions 
The current experimental investigation indicates that pine oil can be 
directly used in diesel engine without trans-esterification due to its unique 
properties. Significantly, 100% pine oil showed better thermal efficiency and 
specific fuel consumption than diesel, which is noteworthy as biodiesel and 
alcohol fuels suffers the setback of higher fuel consumption. Notably, the BTE 
for pine oil is increased by 10% and 5% at low load and high load conditions, 
respectively, while the maximum heat release rate of the engine at maximum 
power output was found to be increased by 27% when compared with diesel. 
According to the emission reports, the exhaust emissions such as HC, CO, and 
smoke have been pruned down to a considerable level by 65%, 30% and 70%, 
respectively, for pine oil than diesel at higher load. However, at maximum 
load, pine oil shows higher NOX emission than that of diesel. In conclusion, 
increase in thermal efficiency at the expense of higher NOX was achieved for 
pine oil biofuel in a constant speed diesel engine without any modifications. 
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4.2. Emission reduction from a diesel engine fueled by pine oil 
biofuel using SCR and catalytic converter 
4.2.1. Problem statement  
Despite the immense benefits of pine oil like lower viscosity, boiling 
point and flash point, it suffers a disadvantage of having lower cetane number, 
which affects the ignition of the blend fuels. Obviously, with the increase in 
proportion of pine oil in the blend, the SOC has been observed to be shifted 
towards TDC due to longer ignition delay, tending to cause engine knocking. 
Adding further, due to the prevalence of higher in-cylinder temperature, 
caused by the higher magnitude of peak heat release rate, the NOX emission 
was found to be increased with increase in proportion of pine oil with diesel, 
though the other emissions were noted to be decreased. In summary, problems 
of poor ignition attributes, engine knocking and increased NOX emission were 
noted with the increase in proportion of pine oil in the blends.  
4.2.2. Solution and approach  
As a solution to the reported limitations from the past study, we 
decided to restrict the blend of pine oil with diesel up to 50% and incorporate 
an effective after treatment methodology in our next venture. While the former 
attempt would prevent the engine knocking as the auto-ignition of pine oil is 
supported by diesel partially, the latter measure would abate the higher NOX 
emission. Therefore, for the current study, various blend composition such as 
B10, B20, B30, B40 and B50 were prepared and tested for their performance, 
emission and combustion characteristics in a single cylinder diesel engine. In 
addition, SCR and CC assembly, which is regarded as an effective after 
treatment process, has been incorporated in the exhaust pipe to reduce the 
emissions. Significantly, SCR, which involves the spraying of urea in the tail 
pipe, was incorporated to mitigate NOX emission. In this regard, varying 
percentage of urea was sprayed into the exhaust pipe, until a sufficient 
reduction in NOX emission is achieved. In the ensuing process, 30% urea was 
found to be the optimum proportion intended for injection. It is worthwhile to 
note, urea-water solution has become a popular reducing agent in the 
commercial market and the emerging brand (Ad-blue) itself recommends 
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around 30% mix of urea with water. To help realize the spray of urea in the 
current investigation, an additional circuit was conceived as shown in Figure 
4.11. Throughout the experiment, 300ml of urea dissolved in 700ml of water, 
kept in a separate tank, was injected in to the exhaust pipe. The rate of 
injection of urea is controlled by a small pump, which maintains adequate 
pressure in the flow lines, and a three way control valve, which controls the 
spray of urea into the exhaust pipe. A catalytic converter is installed in the 
exhaust pipe along with the SCR assembly to effectively reduce HC and CO 
emissions. It consists of a monolith honeycomb structure with platinum metal 
catalyst packaged in a steel container. The hot exhaust gases flow through the 
small channels in honeycomb structure and gets in contact with the catalyst, 
resulting in oxidation of HC and CO. Notably, the experimental procedure, 
operating and design conditions and the uncertainty analysis for the 
investigation of pine oil – diesel blends with SCR and CC assembly are same 
as described in the previous section of this chapter and to help avoid 
redundancy, those information were not repeated here.   
 
Figure 4.11: Schematic diagram of the engine experimental setup with SCR and 
CC assembly 
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4.2.3. Results and Discussion 
4.2.3.1. Investigation of combustion parameters 
 
Figure 4.12: Investigation of combustion parameters – Heat release rate 
The heat release rate for pine oil and its blends at maximum loading 
condition is shown in Figure 4.12. It can be seen from the figure that both 
premixed and diffusion combustion phases of pine oil and its blends exhibit 
different pattern from that of diesel, owing to its distinct properties. Among 
the blends, B50 shows a higher peak heat release rate of 153.06 kJ/m3deg at 
full load condition. However, with the decrease of pine oil proportion, peak 
heat release rate drops, with B10 exhibiting a lower peak heat release rate of 
99.21 kJ/m3deg. Pine oil blends have longer ignition delay due to their lower 
cetane number, leading to accumulation of combustible mixture in combustion 
chamber and thereby, the magnitude of peak heat release rate was noted to be 
higher than diesel. Similar to this, many researchers have reported higher 
premixed burning rate due to longer ignition delay, when using lower cetane 
fuels, similar to pine oil [133]. The longer ignition delay of pine oil is evident 
from Figure 4.12, where the start of combustion (SOC) is noticed to be 10°CA 
BTDC (Before top dead center) for diesel, while that of B10 and B50 were 
found at 8°CA BTDC and 6°CA BTDC respectively. For better clarity and 
understanding, the ignition delay of various pine oil blends at full load 
condition has been discerned in Figure 4.13. In addition to lower cetane 
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number of pine oil, the notion that less viscous fuels have lower bulk modulus 
and compressibility [117] could have triggered late injection of pine oil – 
diesel blends, inciting late SOC.  
 
Figure 4.13:Investigation of combustion parameters – Ignition delay 
Interesting observation could be noticed from in-cylinder pressure 
curve, which is drawn with respect to crank angle at maximum loading 
condition and is shown in Figure 4.14. B50 depicts a higher peak in-cylinder 
pressure than other blends and diesel, which is believed to be due to enhanced 
vaporization and combustion characteristics of it. The combustion 
characteristics of the engine are dependent on the fuel properties such as 
viscosity, boiling point, surface tension, oxygen content and latent heat of 
vaporization. In this case, the lower viscosity and boiling point of pine oil 
supports more complete combustion and hence, the peak in-cylinder pressure 
of B50 was perceived to be higher. In a similar note, results from the previous 
study on lower viscosity fuels asserts that there was a decrease in fuel droplet 
size, enhancing the fuel spray characteristics [89]. Further, pine oil possess a 
comparable calorific value with diesel and this in-turn, does not cause a drop 
in peak cylinder pressure or maximum heat release rate like other lower cetane 
fuels ethanol and methanol. As with the case of lower cetane value fuels, the 
reported results of higher peak heat release and peak pressure are in 
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compliance with the results obtained by Anandavelu et al [215], when they 
experimented lower cetane eucalyptus oil in diesel engine. 
 
Figure 4.14: Investigation of combustion parameters – In-cylinder pressure 
4.2.3.2. Investigation of performance parameters 
In general, a diesel engine manifests a scenario of fuel atomization, 
vaporization, fuel air mixing and combustion until all essential fuel for a 
particular loading condition and speed has been utilized completely [212]. 
When the viscosity of the fuel is lower, the dispersion of fuel into fine droplets 
is more pronounced, as pointed out from the experimental study of Hanbey 
hazar [88]. Therefore, the lower viscosity of the pine oil causes fine dispersion 
of fuel droplet, enhancing the fuel air mixing and combustion process. For this 
reason, the BTE of the engine for B50 was found to be 7.5% higher than diesel 
at full load condition, as noticed from Figure 4.15. In another consideration, 
presence of inbuilt oxygen in pine oil would have promoted the combustion, 
increasing the BTE of the engine. Further, Rakapoulous et al [216], in their 
study on less viscous and lower cetane fuel, highlighted the longer ignition 
delay as the key factor to the accumulation of fuel air mixture and subsequent 
constant volume combustion, leading to higher BTE, which is very relevant to 
our study with lower cetane pine oil.  
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Figure 4.15: Investigation of performance parameters – Brake thermal efficiency 
 
Figure 4.16: Investigation of performance parameters – Brake specific fuel 
consumption 
When compared to other alternate liquid fuels such as biodiesel or 
ethanol, which possess lower calorific value, the BSFC of the engine is bound 
to increase with the increase in proportion of either biodiesel or ethanol. For 
example, Alla et al [217] accounted for higher BSFC with the increase in ratio 
of ethanol in diesel and Panwar et al [38] reported an increase in BSFC with 
the increase in castor seed oil biodiesel with diesel, precisely beyond 20%. 
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However, in face of comparable calorific value of pine oil with diesel, there is 
a decrease in BSFC due to the enhanced atomization and combustion of pine 
oil - diesel blends. For instance, at full load condition, the BSFC of the engine 
progressively decreases from 2.2% for B10 to 7.5% for B50, which is 
discerned in Figure 4.16. Despite the longer ignition delay of pine oil – diesel 
blends, the performance of the engine is not affected because of the factors 
such as lower viscosity and boiling point, comparable calorific value with 
diesel and presence of inherent oxygen within the fuel.  
The obtained increase in BTE could be further comprehended from 
EGT curve, shown in Figure 4.17, wherein, the EGT was found to decrease 
with the increase in proportion of pine oil. Past reports on performance and 
emission study in diesel engine have shown increased exhaust gas temperature 
as a sign of lower thermal efficiency [12]. Thus, the decrease in EGT could be 
attributed to the reported increase in BTE of pine oil blends. In addition, there 
is a general notion of increase in EGT, when the injection timing of the engine 
is retarded or when there is a significant delay in the combustion of fuel [218]. 
However, in the current work, despite the delayed SOC of pine oil – diesel 
blends; EGT was found to be decreased, because of the improved dispersion 
of pine oil–diesel droplets and better combustion, which is quite clear from the 
EGT pattern of all pine oil–diesel blends. 
 
Figure 4.17: Investigation of performance parameters – Exhaust gas temperature 
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4.2.3.3. Investigation of emission parameters 
From the investigation of performance and combustion characteristics, 
it is apparent to note that B50 shows better performance and combustion 
owing to its superior fuel properties. However, the fraction of pine oil in diesel 
beyond 50% is not presented in this work, as operation of higher blends of less 
viscous and lower cetane fuels are prone to engine knocking. Since B50 gave 
better performance and combustion, it was chosen as an optimum blend for 
further emission study in diesel engine fitted with SCR and catalytic converter.  
4.2.3.3.1. NOX emission 
Figure 4.18 reveals an increased NOX emission for B50, as the higher 
premixed heat release rate of B50 elevated the in-cylinder temperature, 
promoting NOX formation at higher loads. After applying SCR and CC 
assembly, the NOX emission is substantially reduced by 15.2% and 32.4% 
than diesel and B50 respectively, which could be clearly comprehended from 
Figure 4.18.  
 
Figure 4.18: Investigation of emission parameters - NOX emission 
When urea is injected in the exhaust manifold, the breakdown of urea 
[(NH2)2CO] into ammonia happens by virtue of two processes – thermolysis 
and hydrolysis [219] as shown below, 
(NH2)2CO + H2O → 2NH3 + CO2 
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Precisely, the ammonia formed during the decomposition and 
hydrolysis process reacts with NO in the tail pipe to from N2 and H2O. The 
reaction which governs the formation of end products, after urea injection is as 
follows, 
2NH3 + NO + NO2 → 2N2 + 3H2O 
Similar findings were reported by many researchers when using urea 
based SCR systems, emphasizing it as one of the prominent method to reduce 
NOX emission [220, 221]. Since SCR being an after treatment methodology, 
there is seldom any compromise in the performance of the engine when 
compared to EGR, where a reduction in NOX at the expense of engine 
performance is observed [222, 223].  
4.2.3.3.2. Smoke emission 
 
Figure 4.19: Investigation of emission parameters - Smoke emission 
When oxygenated fuels are used as substitute fuel for diesel, smoke 
free combustion could be realized [224], given the improved atomization and 
spray characteristics of it promoting better combustion. Since pine oil being an 
oxygenated fuel, the smoke emission of B50 is lower than diesel by 45.5%. 
With SCR + CC system, the smoke emission of B50 is favorably reduced by 
70.1%, compared to diesel, as the oxidation catalyst helped to promote the 
oxidation of soot. These distinctions can be easily interpreted from Figure 
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4.19, which shows the smoke emissions of B50 and diesel with and without 
SCR + CC system. The results drawn in this study are relevant to the 
conclusions of Zhang et al [168], wherein, a remarkable reduction in smoke 
emission with CC is observed, when using less viscous and lower cetane 
oxygenated fuel. In the same note, it is noteworthy to mention that SCR 
system with CC has the potential to reduce both NOX and smoke 
simultaneously, as reported by Shi et al [122], which is clearly evident from 
the present study with SCR and CC in a diesel engine fueled by pine oil – 
diesel blends. 
4.2.3.3.3. CO and HC emission  
It could be inferred from Figure 4.20 that the CO emission of B50 is 
lower than diesel at medium and higher loads; however, there is an increase at 
lower loads. The reason for the formation of higher CO emissions for B50 at 
lower load is due to the decrease in fuel to air equivalence ratio and reduction 
in cylinder wall temperature, which limits the further oxidation of CO to CO2. 
This is the case with many oxygenated fuels, where the presence of excess 
oxygen will dilute the air fuel mixture and affect the combustion process, 
increasing the CO emission at lower loads. Notably, Devan et al pointed out a 
similar phenomenon through his study, when the fossil fuel was completely 
replaced by oxygenated fuels, methyl ester of paradise oil and eucalyptus oil 
[47]. However, at higher loads, CO emission of B50 discerns a 45.9% 
reduction compared to diesel. The cause over the maximum reduction of CO 
emission could be due to the complete combustion, as the viscosity of the 
blend is reduced with the addition of pine oil.  
With the implementation of SCR+CC, B50 show a maximum 
reduction in CO emission by 67.5% compared to diesel at full load condition. 
Catalytic converters are known to oxidize any unburnt CO and HC present in 
the tail pipe in to the end products of combustion, CO2 and H2O. Thus, a 
greater reduction in CO emission has been realized with the implementation of 
CC. Similar observations could be perceived for HC emission, as shown in 
Figure 4.21, with a notable reduction of 58.6% for B50+SCR+CC than diesel 
at full load condition.  
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Figure 4.20: Investigation of emission parameters - CO emission  
 
Figure 4.21: Investigation of emission parameters – HC emission 
4.2.4. Conclusions 
Pine oil has been utilized as renewable fuel in the current research 
work and from the basic experimental investigation, B50 was observed to emit 
less CO, HC and smoke emissions. Though greener to environment, the 
deleterious NOX emission persisted and hence an after treatment technique, 
SCR+CC, was implemented to reduce the overall emissions. By this measure, 
NOX emission was mitigated, while all other emissions such as CO, HC and 
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Smoke were substantially reduced. The underlying significance and highlights 
of the present study are summarized as follows, 
1. Despite the lower cetane number of pine oil, the other inherent 
properties of pine oil such as lower viscosity and boiling point, 
comparable calorific value with diesel, has had a positive 
impact on fuel atomization and vaporization, combustion, 
performance and emission characteristics of the engine.  
2. The BTE of the engine, for B50, was noted to be 7.5% higher 
than diesel, whereas, emissions such as Smoke, CO, HC and 
NOX were observed to be 70.1%, 67.5% , 58.6% and 15.2% 
lower than diesel at full load condition.  
3. Though the SOC is delayed by few degrees than diesel, the 
maximum heat release rate and in-cylinder pressure for B50 
was found to be higher  
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4.3. Impact of ignition promoting additives on the 
characteristics of a diesel engine powered by pine oil – 
diesel blend 
4.3.1. Problem statement  
Our previous study examined the possibility of NOX reduction from a 
diesel engine, fueled by pine oil – diesel blends, by implementing SCR and 
CC assembly in the tail pipe. In that study, B50 was selected as an optimum 
blend and subsequently, SCR+CC was applied to reduce the NOX emission, 
without comprising the engine performance. Though this strategy is viable and 
pertinent for the optimized use of B50 in diesel engine, it entails some 
modifications to be realized in the engine exhaust system, which is rather 
complex and demands some additional effort. Therefore, a rational approach 
to optimize the use of optimum blend, B50, without paying strenuous efforts 
has to be conceived.    
4.3.2. Solution and approach   
To address the above mentioned problem and make the possibility of 
NOX reduction for B50 easier, we decided on to add some fuel additives, 
which is considerably a simple and uncomplicated task. Basically, ignition 
promoters, by virtue of their characteristics, shorten the ignition delay period 
and lower the peak heat release rate and in-cylinder temperature, reducing 
NOX emission. In addition, due to shortening of ignition delay, they help to 
prevent any obstacles with cold starting and other issue pertaining to 
performance deterioration, especially at low load condition [154]. Generally, 
the two prominent ignition promoters considered are IAN and DTBP. 
Characteristically, peroxides are produced by the reaction of alcohols or 
olefins with organic peroxide over acid catalyst whereas; nitrates are 
synthesized by nitration of alcohols. Though alky nitrates such as amyl nitrate, 
hexyl nitrate, and octyl nitrate pervade the market as effective ignition 
promoters, peroxides are also given equal consideration, as they are more 
stable than nitrates. Nandi et al [225] affirmed better oxidative and thermal 
stability of DTBP and reported no gum formation, when being blended with 
diesel. In addition to the above two ignition promoters, Yuan et al [226] 
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developed ignition assisting agents by mixing waste engine oil, diesel oil and 
industrial alcohol in different proportions and reported improvement in 
ignition for densified corn Stover briquette fuel. Besides the addition of 
ignition promoters, early ignition of fuels could also be achieved by 
decreasing the proportion of aromatics in the fuel as the cetane number of fuel 
decreases with the increase in aromatics [227]. However, this is rather 
cumbersome and the addition of commercially available ignition promoters is 
recommended and regarded as the cost effective technique. 
From the above discussion on ignition promoters, it is evident that they 
do have the potential to improve the ignition and decrease the NOX emission. 
Therefore, in the current study, we optimized the use of B50 or 50D:50B, by 
adding two ignition promoters, IAN and DTBP, considering that both these 
additives were prominent in improving the cetane number. The two ignition 
promoters, IAN and DTBP, were purchased from the commercial chemical 
store, and their properties are reported in Table 4.2. Various percentages of 
additives were mixed to 50D:50B and based on the experimental outcome, 
mix of 1.5% of additives on were found to be reasonable. Therefore, the 
reported proportion of IAN and DTBP was blended with 50D:50B on vlumtric 
basis and the resulting blends, 50D:50B-IAN and 50D:50B-DTBP, 
respectively, were stirred well in an ultrasonic agitator to maintain blend 
homogeneity. Finally, the prepared blends were tested in a diesel engine and 
the engine characteristics were investigated.  
Table 4.2: Properties of IAN and DTBP 
Property IAN DTBP 
Density (kg/m3) 872 704 
Flash point (°C) 10 6 
Boiling point (°C) 99 109 
Auto-ignition temperature (°C) 209 165 
Molecular formula C5H11NO2 C8H18O2 
Molecular weight (g/mol) 117 146 
Molecular structure 
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4.3.3. Results and discussion 
4.3.3.1. Impact of ignition promoters on engine combustion  
 
Figure 4.22: Impact of ignition promoters on cumulative heat release rate 
The cumulative heat release rate curve, showing various stages of 
combustion for 50D:50B with and without ignition promoters, has been 
depicted in Figure 4.22. It can be observed from the figure that 50D:50B blend 
tends to show a higher peak heat release rate in face of sudden burning of 
accumulated air/fuel mixture, formed during the delay period, in the premixed 
combustion phase. This is because the lower cetane number of pine oil has 
delayed the SOC (start of combustion) by 4°CA (crank angle) than diesel. 
Many researchers, who have investigated less viscous and lower cetane fuels 
in a diesel engine, have also conceded an increase in peak heat release rate on 
account of longer ignition delay [96, 124]. However, when IAN (C5H11NO2) is 
added with the blend of pine oil (C10H18O + C10H16) and diesel (C14H28), the 
nitrate group, a sign of ignition enhancement, fragment at space and time 
during the fuel evaporation process to generate free alkoxy radicals [228]. 
When these free radicals are combined with the free radicals of fuel, a 
noticeable improvement in ignition is perceived. In the same note, the addition 
of DTBP with pine oil - diesel blend generates two alkoxy radicals, which has 
had a better improvement in ignition attributes of the blend fuel. As a result, 
both 50D:50B-IAN and 50D:50B-DTBP have prompted early SOC, shifting 
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the heat release curve away from TDC and thereby, diminishing the magnitude 
of peak heat release rate, as shown in Figure 4.22. In parallel with this finding, 
an advancement in combustion and reduction in peak heat release rate, when 
using EHN (ethyl hexyl nitrate) as an ignition promoter with lower cetane 
fuel, has been reported in a recent study [151]. Despite the advancement in 
combustion and reduction in magnitude of peak heat release rate, the 
accumulated heat release is found to be higher for 50D:50B-IAN and 
50D:50B-DTBP, as observed from Figure 4.22, this is mainly due to the 
increased fuel density of pine oil compared to diesel, meanwhile, the diffusion 
combustion is promoted in light of enhanced properties of pine oil, resulting in 
a more complete combustion.  
 
Figure 4.23: Impact of ignition promoters on mass of fuel burnt in premixed and 
diffusion combustion phase 
When lower cetane fuels are being burnt in a diesel engine, the 
prolonged ignition delay causes more quantity of fuel to be burnt in the 
premixed combustion phase. However, with the addition of ignition 
promoters, this scenario is likely to change and therefore, it is worthwhile to 
compare the percentage mass of fuel burnt in premixed and diffusion 
combustion phase before and after the addition of IAN and DTBP with 
50D:50B. Percentage mass of fuel burnt, calculated from the net energy 
released, for both premixed and diffusion combustion phase has been shown in 
Figure 4.23. It could be interpreted from the figure that the mass of fuel burnt 
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in premixed combustion phase for 50D:50B is higher than diesel due to the 
reason noted above. However, with the addition of ignition promoters, the 
mass of fuel burnt in premixed combustion phase for 50D:50B-IAN and 
50D:50B-DTBP has been reduced to 34.5% and 33.1% from the original 
fraction of 40.4% for 50D:50B. Similar such conclusions were drawn by 
Ladommatos et al [153], showing a reduction in mass of fuel burnt in 
premixed zone for diesel fuel added with cetane number improvers. For 
50D:50B-IAN and 50D:50B-DTBP, the ignition attributes are improved and 
this aids in the shortening of ignition delay, which could be perceived from 
Figure 4.24. Reportedly, the ignition delay is reduced by 2°CA for 50D:50B-
IAN and 3°CA for 50D:50B-DTBP than 50D:50B.  
 
Figure 4.24: Impact of ignition promoters on ignition delay 
4.3.3.2. Impact of ignition promoters on engine performance  
BSFC for all the test fuels, portrayed in Figure 4.25(a), shows a 
decreasing trend with the increase in load due to the fact that the friction loss 
is almost the same at a given engine speed, but the output power increase with 
engine load. The BSFC for 50D:50B was observed to be lower than diesel by 
2.9%, at full load condition, due to its comparable calorific value with diesel 
and lower viscosity and boiling point, instigating more active combustion.
  
Figure 4.25: Impact of ignition promoters on engine performance parameters (a) Brake specific fuel consumption (b) Brake thermal efficiency
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Hansen et al [69] gave a good account of drop in engine power and subsequent 
poor performance, when ethanol is blended with diesel, because of its lower 
energy content. As opposed to this, pine oil did not experience any power loss 
or increase in BSFC, as the energy density of pine oil is not lower like ethanol. 
However, at lower loads, the occurrence of lean mixture by the presence of 
oxygen within pine oil and longer ignition delay of it has contributed to the 
increased BSFC. On the other hand, with the addition of IAN and DTBP, the 
BSFC is further reduced due to more active diffusion combustion, as discussed 
above. It can be observed from Figure 4.25(a) that 50D:50B-DTBP shows a 
decrease of 6.2% in BSFC than 50D:50B when the engine is operating at full 
load condition. 
In general, when less viscous fuels are blended with high viscous fuels 
such as diesel or biodiesel, the overall viscosity of the resulting blend could be 
lower. In the past, Devan et al [47], while using less viscous eucalyptus oil 
with diesel in the ratio of 50:50, has reported an improvement in BTE than 
diesel due to reduction in viscosity and faster burning of eucalyptus oil. In the 
same way, the blend of less viscous pine oil with diesel (50D:50B) has 
brought a reduction in viscosity, which in-turn has improved its atomization 
and mixing with air. Proper mixing of well atomized pine oil and air, together 
with the complement of oxygen from it, has stimulated the combustion 
process, leading to higher BTE than diesel. The advancement in combustion of 
50D:50B-IAN and 50D:50B-DTBP, together with the presence of excess 
oxygen, has resulted in better combustion and hence the BTE was found to be 
increased. From Figure 4.25(b), BTE for 50D:50B-DTBP is better than 
50D:50B-IAN and is observed to be higher than 50D:50B. An improvement in 
engine performance, after the addition of ignition promoters, as observed with 
the current study, is in consonance with the reports of Xing-cai et al [148], 
wherein, diesel – ethanol blends with ignition promoters have been used.  
4.3.3.3. Impact of ignition promoters on engine emission  
Many studies tend to convey an increase in NOX emission, when lower 
cetane fuels such as ethanol, methanol and eucalyptus oil were being burnt in 
  
Figure 4.26: Impact of ignition promoters on engine emission parameters (a) NOX (b) Smoke (c) CO (d) HC 
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blends with either diesel or biodiesel in diesel engine [47, 58, 229]. The main 
factor causing the increase in NOX emission for lower cetane fuels is the 
higher peak heat release rate and the ensuing prevalence of high temperature 
inside the combustion chamber. In compliance with this, 50D:50B has emitted 
higher NOX emission than diesel and the higher peak heat release, as seen in 
Figure 4.26(a), is the reason for this observed occurrence. However, the 
addition of ignition promoters has reduced NOX emission by 12.8% and 
19.2% for 50D:50B-IAN and 50D:50B-DTBP, respectively, compared to 
50D:50B at full load condition. The reduction in NOX emission for 50D:50B-
DTBP, as seen from Figure 4.26(a), could be attributed to the plunge in peak 
in-cylinder temperature in wake of lower peak heat release rate. It is 
worthwhile to note the report by McCreath [230], who indicated the reduction 
in NOX emission and ignition delay, while using DTBP and IAN as ignition 
promoters for diesel. However, due to the presence of nitrogen in its structure, 
the NOX reduction potential for 50D:50B-IAN is slightly lower than 50D:50B-
DTBP, which is similar to the findings of Nandi [231].  
Unarguably, there exists a trade-off between NOX and smoke emission 
for a diesel engine [232]. 50D:50B is no exception to such phenomenon as it 
has shown much lower smoke emission than diesel at the expense of higher 
NOX emission. Significantly, the enhanced evaporation attributes of pine oil 
and presence of oxygen in it has resulted in a 41.5% reduction in smoke for 
50D:50B than diesel, at full load condition, as noticed from Figure 4.26(b). 
However, with the addition of IAN and DTBP, there is a slight increase in 
smoke emission for 50D:50B-IAN and 50D:50B-DTBP due to less 
pronounced premixed combustion phase. In general, premixed combustion 
phase is regarded as lower smoke emission zone and diffusion combustion 
phase are susceptible to the formation of soot particle [153]. In this respect, it 
is reasonable to note a slight increase in smoke emission for 50D:50B-IAN 
and 50D:50B-DTBP. However, the smoke emission for 50D:50B-DTBP and 
50D:50B-IAN is still less than diesel due to the enhanced fuel properties of 
pine oil – diesel blend. In the previous studies, there are mixed responses for 
the effect of cetane improver on smoke emissions. Ladommatos et al [153] 
and Lu et al [149] reported the weak influence of cetane number improver on 
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smoke emission, while Nandi et al [225] pointed out reduction in smoke 
emission when using DTBP as cetane improver with diesel. However, Suppes 
et al [233] demonstrated an increase in particulate matter and smoke opacity 
by 15% and decrease in NOX emission by 10%, after the addition of cetane 
number improvers with ethanol – diesel blends. These discrepancies, reported 
for smoke emission, could be attributed to various factors like engine 
operating condition, design parameters and so on.  
The higher and lower CO emission for 50D:50B at lower load and 
higher load, respectively, than diesel has been noted from Figure 4.26(c). The 
higher CO emission at lower loads could be attributed to the prevalence of 
lean mixture, whereas, at higher loads, the enhanced combustion and reduction 
in fuel consumption reduces the CO emission. When IAN and DTBP are 
added with 50D:50B, CO emissions are further decreased; however, 50D:50B-
IAN has considerably less impact than 50D:50B-DTBP. Advancing the 
combustion process is reported to cause complete combustion [10] and since 
combustion is advanced for both 50D:50B-IAN and 50D:50B-DTBP, there is 
an obvious reduction in CO emission. The same is the case with HC emission, 
as seen from Figure 4.26(d), where 50D:50B-DTBP shows a decrease than 
50D:50B at higher load due to the enhancement in combustion. In this case, 
the CO and HC emission for 50D:50B-DTBP are found to be lower than 
50D:50B by 40% and 34% at full load condition. The reduction of both CO 
and HC emission has been reported by Ladommatos et al [153], Liu et al [151] 
and Nandi [231], while using either nitrate or tertiary butyl peroxide as an 
ignition improver with a base fuel, is in parallel with the conclusion of the 
current study.  
4.3.4. Conclusions 
The experimental analysis of 50D:50B in a diesel engine reveals that 
BTE and peak heat release rate are higher than diesel, with an obvious 
reduction in HC, CO and smoke emission. However, the NOX emission was 
observed to be higher than diesel due to the lower cetane number of 50D:50B. 
In-order to reduce the NOX emission and shorten the ignition delay, ignition 
enhancers (IAN and DTBP) have been used to promote its ignition in a diesel 
engine without any modifications. The addition of IAN and DTBP has 
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provoked better ignition and since the peak heat release rate was reduced, the 
NOX emission for 50D:50B–IAN and 50D:50B-DTBP were brought down by 
12.8% and 19.2% than 50D:50B. Comparatively, 50D:50B-DTBP was 
observed to be more effective in reducing the NOX emission than 50D:50B–
IAN, owing to the intrinsic nature of peroxide to form one additional free 
radical in promoting the ignition quality of the fuel. In the final disposition, in 
addition to NOX emission, other emission such as CO and HC for 50D:50B-
DTBP were reduced by 40% and 34% than 50D:50B, while the BTE and 
BSFC were also envisaged to be improved at full load condition. Over and all, 
the potential of pine oil biofuel as one of the alternate sources of fuel has been 
well justified through the experimental investigation with ignition promoting 
additives.  
Associated Publication: 
o Vallinayagam R, Vedharaj S, Yang WM, Saravanan CG, Lee PS, Chua 
KJE, Chou SK. Impact of ignition promoting additives on the 
characteristics of a diesel engine powered by pine oil–diesel blend. 
Fuel.2014;117:278-285.   
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4.4. Pine oil – biodiesel blends: A double biofuel strategy to 
completely eliminate the use of diesel in a diesel engine 
4.4.1. Problem statement 
Past studies, as hitherto discussed in the previous section of this 
chapter, used fossil diesel for the operation of diesel engine fueled by pine oil. 
Having operated pine oil in blends with diesel through both engine and fuel 
modification techniques and arriving out the optimum blend, we thought on 
the next step to capitalize the immense benefits of it. To interest the 
researchers and achieve a beneficial development, we contemplated on a 
possible strategy to exclude the use of diesel completely when using pine oil 
as an alternate fuel. Therefore, selection of suitable strategy to elude the use of 
fossil fuel while using pine oil has to be accomplished.  
Over the past few years, investigation on the use of less viscous fuels 
such as ethanol, methanol and eucalyptus oil with biodiesel, instead of diesel, 
have also been reckoned. In this regard, Anand et al [83], as a measure to 
completely eliminate the use of diesel, studied the combustion, performance 
and emission characteristics of a diesel engine fueled by a blend of 90% 
karanja methyl ester and 10% methanol. The study reported an increase in 
maximum thermal efficiency by 4.2% at 80% load, with the simultaneous 
reduction in NOX and smoke emission. Soon after the realization of improved 
performance with alcohol – biodiesel blends, Yilmaz et al [98] compared the 
performance and emission characteristics of a diesel engine fueled by 
biodiesel – ethanol and biodiesel – methanol blends, and the outcome of their 
work implied that biodiesel – ethanol blends are more effective than biodiesel 
– methanol blends in respect of engine performance and emission. To help 
enhance the combustion characteristics and exclude the use of conventional 
diesel as fuel, Kasiraman et al [48] demonstrated the use of less viscous 
camphor oil with cashew nut shell oil, a high viscous vegetable oil, in various 
proportions (10 – 30%) and showed better engine characteristics. In a recent 
study, Devan et al [47] blended methyl ester of paradise oil with eucalyptus oil 
as alternate renewable fuels for diesel engine, eluding the use of diesel 
completely, and reported better performance and emission than diesel. Deeper 
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scrutiny of all available literature shows some endeavors, in the recent past, to 
use less viscous fuels in blends with either diesel or biodiesel. Further, it has 
been reliably construed that lower alcohols such as methanol and ethanol 
could be blended with either diesel or biodiesel only in lower proportions due 
to its lower heating value and higher latent heat of vaporization [50, 69]. 
Nonetheless, the other contemporary less viscous bio derived fuel, eucalyptus 
oil, could be added in higher percentages with diesel/biodiesel, as it is reported 
to have comparable calorific value with diesel [93]. Distinctly, the blending of 
eucalyptus oil kind of fuels with biodiesel would give a priority of complete 
replacement of diesel, without compromising on the engine performance and 
emission. Despite the immense benefits of blending fuels having lower 
viscosity and better calorific value with biodiesel, little consideration has been 
shed to develop blends of such kind, known as double biofuel, and investigate 
them in diesel engine.  
4.4.2. Solution and approach  
To fulfill the above stated limitations, in the current study, pine oil 
biofuel, endowed with lower viscosity and comparable calorific value with 
diesel, has been chosen to be blended with high viscous biodiesel, KME 
(kapok methyl ester). The benefit of double biofuel, which is to completely 
replace diesel, has been reaped thoroughly and distinctly, blending of pine oil 
with biodiesel has not been investigated so far. As such, pine oil was blended 
with KME in various proportions such as B25P75, B50P50, and B75P25 by 
stirring them in an ultrasonic agitator so as to keep the integrity of the blend 
intact. Incidentally, up on blending pine oil with KME, the viscosity, boiling 
point, cetane number and other properties of the resultant blends were found to 
be appropriate, as the merits and demerits of one biofuel over the other are 
mutually balanced, as shown in Table 4.3. For instance, the lower viscosity, 
boiling point and flash point of pine oil would be balanced by the respective 
higher properties of KME, while, on the other hand, the lower cetane number 
of pine oil has been enhanced by the higher cetane number of KME. Finally, 
pine oil – KME blends were tested in a single cylinder diesel engine without 
any modification and the performance, combustion and emission 
characteristics of the engine were analyzed and compared.  
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Table 4.3: Properties of pine oil – KME blends 
4.4.3. Results and discussion 
4.4.3.1. Combustion characteristics 
The variation of heat release rate with respect to crank angle at full 
load condition, as envisaged form Figure 4.27, implies an obvious rise in 
magnitude of peak heat release rate for B25P75. In general, lower cetane fuels 
manifest a higher magnitude of peak heat release rate due to late SOC (start of 
combustion) [82, 85]. In our case, the SOC for B25P75 was noticed to be 
5°CA BTDC, due to the lower cetane number of pine oil, which is late when 
compared to diesel and other blend fuels. Consequently, the fuel air mixture 
gets accumulated in the combustion chamber during the delay period and there 
is a sudden surge in magnitude of peak heat release rate, prior to the diffusion 
combustion phase. Similarly, Chen et al [124] reported higher peak heat 
release rate for ester – ethanol – diesel blends, owing to longer ignition delay 
and late SOC. On the other hand, B75P25 and B100 showed early SOC and 
lower peak heat release rate, because of the higher cetane number and lower 
energy density of KME.  
In general, biodiesel ought to possesses higher bulk modulus and 
cetane number [234, 235], provoking early fuel injection and ignition, 
respectively, and thereby reducing the amount of fuel burnt in premixed 
Property B25P75 B50P50 B75P25 B100 




 3.3*10-6 4.4*10-6 5.4*10-6 
Flash point (°C) 78 104 130 156 
Boiling point (°C) - - - 332-362 
Gross calorific 
value (kJ/kg) 41173 39546 37920 36292 








index 22 33 43 54 
Copper strip 
corrosion @100°C 
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combustion phase so as to lower the peak heat release rate. Since B100 and 
B75P25 comparatively hold a higher volume of biodiesel (KME), the bulk 
modulus and cetane number of them are believed to higher and hence their 
SOC is advanced and peak heat release rate is lowered when compared to 
other blends. On the other hand, the peak heat release rate of B50P50 was 
observed to be in close agreement with diesel, as noticed from Figure 4.27, 
enunciating the proper utilization of oxygen present in the fuel during the 
combustion process. Further, the properties of the reported blend (B50P50) are 
in such a way that there is neither a loss in energy density nor increase in 
viscosity of the fuel, making the combustion process more favorable. Notably, 
the ignition delay is neither prolonged nor advanced for B50P50, as the cetane 
number of KME is higher than pine oil as well as diesel, providing better 
support in the ignition process. 
 
Figure 4.27: Heat release rate for various pine oil – KME blends 
The in-cylinder pressure curve for pine oil – KME blends at full load 
condition is shown in Figure 4.28. Among the blends, B50P50 and diesel 
experiences comparable peak pressure, however, the peak pressure for 
B25P75 was found to be higher than diesel. The increase in peak pressure for 
B25P75 is primarily due to the enhancement in magnitude of peak heat release 
rate, substantiating the reported link between in-cylinder pressure and heat 
release rate [236]. Further, in a recent study, Zhu et al [112] conceded 
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enhancement in spray and atomization characteristics of ethanol – biodiesel 
blend, due to reduced viscosity of the blend by the addition of ethanol, as 
reason for better combustion. In the same note, for B25P75, the addition of 
pine oil lowers the viscosity of the blend and in consequence, combustion 
process is enhanced to increase the peak in-cylinder pressure. In addition, 
Hulwan et al [89] reported fine dispersion of fuel droplets after blending less 
viscous ethanol with diesel and showed higher in-cylinder pressure, which is 
in parallel with the results of current study. However, the higher pressure rise 
rate of B25P75 lead to engine knocking and this could be interpreted from the 
degree of smoothness of the in-cylinder pressure curve while for B50P50, such 
discrepancies were not noted and the combustion parameters were found to be 
comparable with diesel.  
 
Figure 4.28: In-cylinder pressure for various pine oil – KME blends 
4.4.3.2. Emission characteristics 
The variation of HC emission with respect to load, as shown in Figure 
4.29, admits the fact that HC emission increases with the increase in load for 
all blend fuels due to increased fuel to air equivalence ratio. Noticeably, the 
HC emission for all the pine oil – KME blends are higher than diesel at lower 
loads, while at higher loads, only B25P75 and B50P50 showed decreased HC 
emission. However, regardless of the loading condition, B100 or blend fuel 
with higher concentration of KME showed increased HC emission. This is 
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because, KME has an obvious higher viscosity compared to diesel and pine 
oil, and therefore, the fuel atomization, evaporation and subsequent 
combustion process will be deteriorated. However, for B25P75 and B50P50, 
the lower viscosity of pine oil partially compensates the negative impact of 
higher viscosity of KME and therefore, HC emission is 14.9% and 8.1% lower 
for B25P75 and B50P50, respectively, than diesel at full load condition. 
Further, the other potential reasons for this reduction in HC emission at full 
load condition for B25P75 and B50P50 are (1) the fuel to air equivalence ratio 
approaches 1, so the excess oxygen present in pine oil and KME is favorable 
for achieving a more complete combustion; (2) superior evaporation rate of 
pine oil and subsequent mixing of fuel with air promote a better combustion. 
On the other hand, higher HC emission for pine oil – KME blends, at lower 
load, could be attributed to lower fuel to air equivalence ratio, while the 
presence of excess oxygen atoms in both pine oil and KME will further bring 
down this value.  
 
Figure 4.29: HC emission for various pine oil – KME blends 
Figure 4.30 describes CO emission pattern for pine oil – KME blends 
and diesel under various engine loading conditions. From the figure, the CO 
emission for B25P75 and B50P50 was found to be 43.2% and 18.9% lower 
than diesel, at full load condition. This reduction in CO emission at higher 
loads is due to more complete combustion and better oxidation of CO to CO2, 
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governed by abundance of oxygen in the blend fuel. Further, the surface 
temperature of the combustion chamber, as the load increases, happens to get 
increased and this facilitates CO oxidation. Apparently, at lower loads, the CO 
emission for all pine oil – KME blends are noted to be higher than diesel due 
to the reasons described above. The reported higher CO emission at lower load 
and subsequent reduction of it, with the increase in load, is in accordance with 
the results of Devan and Mahalakshmi [47], while testing eucalyptus oil – 
paradise oil methyl ester blend in a diesel engine. 
 
Figure 4.30: CO emission for various pine oil – KME blends 
One important parameter that represents the emission behavior of a 
diesel engine is smoke emission. Ethanol and other less viscous fuels such as 
methanol or eucalyptus oil, when being used in diesel engine, has greater 
potential to reduce the smoke emission due to their better fuel properties. In 
the same token, the reduced viscosity of B25P75 and B50P50 assists in better 
atomization and mixing of the fuel and by which, the smoke emission, as 
noticed from Figure 4.31, was found to be 33.4% and 12.5% lower than diesel, 
respectively, at full load condition. Meanwhile, owing to the longer ignition 
delay for B25P75 and B50P50, the premixed combustion is more pronounced, 
allowing the soot particles to combust in the oxygen rich environment, which 
is in concordance with the findings of Anand et al [83], wherein, methanol and 
biodiesel were employed as double biofuels. Further, according to the reports 
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of Puhan et al [237], the smoke intensity can be reduced when the fuel is 
partially oxygenated, as the occurrence of fuel rich zones are reduced. In 
connection with this, the oxygen proportions of pine oil – KME blends are 
expected to be more, which in turn has reduced the smoke emission for 
B25P75 and B50P50. However, for B75P25 and B100, despite the presence of 
enough oxygen, the higher viscosity of KME has deterred the oxidation of 
soot and hence, increasing the smoke emission.  
 
Figure 4.31: Smoke emission for various pine oil – KME blends 
The high flame temperature, advanced injection timing and ignition 
delay are considered as the main contributors for NOX formation [81]. From 
Figure 4.32, it could be perceived that the NOX emission for B25P75 at lower 
loads is decreased than diesel due to lean burning. Generally, at lower loads, 
the amount of fuel being injected is lower and this together with the induction 
of oxygen from both pine oil and KME reduces the fuel to air equivalence 
ratio, affecting the combustion process to reduce the in-cylinder temperature 
and subsequently, the NOX emission is reduced. However, at higher loads, the 
ignition delay for blends with high percentage of pine oil, as seen from heat 
release curve (Figure 4.27), is perceived to be longer and this has prompted 
higher heat release rate, increasing the in-cylinder temperature. On account of 
this, the NOX emission for B25P75 was observed to be higher than diesel by 
10%, however, B50P50 showed a comparable NOX emission with diesel 
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owing to the comparable heat release rate of it with diesel. Earlier, the increase 
in in-cylinder temperature by virtue of more fuel being burnt in premixed 
combustion is noted by Qi et al [141], when using less viscous ethanol fuel, 
confirming the results confronted for B25P75. However, for blends with 
higher proportion of KME (B75P25 and B100), the combustion is affected due 
to the higher viscosity and lower calorific value of KME, resulting in reduced 
NOX formation.  
 
Figure 4.32: NOX emission for various pine oil – KME blends 
 
Figure 4.33: Exhaust gas temperature for various pine oil – KME blends 
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Lower the EGT, better is the combustion process and higher is the 
performance of the engine [12]. As seen from Figure 4.33, B25P75 and 
B50P50 shows a decreased EGT compared to B75P25 and B100 due to better 
combustion, despite the longer ignition delay, manifesting no after burning in 
the tail pipe. The lower EGT for B25P75 and B50P50, which is an indication 
of reduction in energy losses to the exhaust, signifies the conversion of 
available energy into useful work. With the increase in proportion of KME in 
the blend, the combustion is deteriorated and in the event of incomplete 
combustion and the subsequent late burning in the tail pipe, the EGT was 
found to be higher for B100 and B75P25. 
4.4.3.3. Performance characteristics 
To assess the performance of the engine, it is imperative to investigate 
the key performance parameters such as BTE and BSFC. BSFC of the engine 
relies on engine design and operating parameters, and the properties of the fuel 
being used. Since the properties of pine oil are unique in that the viscosity is 
lower and calorific value is comparable to diesel, combustion is believed to be 
profound for B25P75 blend, resulting in reduced BSFC. From Figure 4.34, it 
could be inferred that BSFC for B25P75 is found to be lower than diesel, 
whereas, the BSFC for B50P50 is comparable to diesel. Moreover, the 
combined properties of pine oil and KME is conducive for B25P75 and 
B50P50, as the higher viscosity and lower calorific value of KME is believed 
to be compensated by the respective enhanced properties of pine oil. In 
previous studies on ethanol – biodiesel blends, with the increase of ethanol, 
the fuel consumption has been reported to be higher than diesel, as the energy 
density of both ethanol and biodiesel is lower [89, 110]. As opposed to this, 
this study has shown no compromise in BSFC for B25P75 and B50P50 due to 
the better calorific value of pine oil. On the other hand, when B75P25 and 
B100 were tested in diesel engine, the BSFC is observed to be poor, at an 
inverse trend of B25P75. This is due to the lower calorific value of KME, 
which necessitates larger amount of fuel injection in order to produce the same 
power output.  
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Figure 4.34: Brake specific fuel consumption for various pine oil – KME blends 
 
Figure 4.35: Brake thermal efficiency for various pine oil – KME blends 
Similarly, BTE of the engine for different pine oil - KME blends, as 
envisaged from Figure 4.35, shows an improvement in BTE for B25P75 and 
B50P50 than diesel due to better atomization and fuel/air mixing process. 
Analogically, Senthil kumar et al [114] pointed out increased atomization, 
vaporization and combustion of Jatropha methyl ester – methanol blends, 
owing to the reduction in viscosity of the blend with the addition of methanol. 
Further, the inherent presence of oxygen within pine oil and KME, along with 
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the superior evaporation and air/fuel mixing, has helped to attain a more active 
combustion, increasing the BTE of the engine. However, the BTE of the 
engine is lower for B100 and B75P25 than diesel, as the higher viscosity of 
these blends affects the fuel atomization and predominates the combustion 
process. 
4.4.4. Conclusions 
The objective and outcome of the current study with double biofuel 
strategy has been illustrated in Figure 4.36. 
 
Figure 4.36: Outline of the current study with double biofuel strategy 
The summary of the current work on double biofuel strategy using pine 
oil has been briefed in words as follows: The current work has attempted to 
use double biofuel, pine oil – KME blends, in a diesel engine and thereby, 
exclude the use of fossil diesel completely. By this measure, though the 
properties of both the biofuels are unique, the properties of the resultant blends 
are found to be mutually agreeable and conducive for operation in a diesel 
engine. Apparently, the enhanced fuel properties of pine oil such as lower 
viscosity and boiling point helped improve the combustion process and the 
comparable calorific value of it enhanced the engine performance. Further, the 
poor cetane number of pine oil was enhanced when it is blended with KME, as 
the cetane number of KME is higher than both pine oil and diesel. From the 
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experimental investigation, it was understood that despite the lower HC, CO 
and smoke emission, B25P75 suffers the set back of higher NOX emission, 
owing to higher peak heat release rate. Moreover, at higher loads, the 
operation of B25P75 suffered engine knocking and hence the adaptability of 
B50P50 for its operation in diesel engine is more amenable than B25P75. 
Notably, the BSFC and BTE for B50P50 was observed to be in agreement 
with diesel, while the emissions such as smoke, HC and CO were found to be 
12.5%, 8.1% and 18.9% lower than diesel, with the NOX emission observed to 
be similar with diesel. Moreover, the combustion characteristics of the 
reported blend were also noticed to be in par with diesel, courting it as an 
optimum blend among all the blends considered in this study.  
Associated Publication: 
o Vallinayagam R, Vedharaj S, Yang WM, Lee PS, Chua KJE, Chou SK. 
Pine oil - biodiesel blends: A double biofuel strategy to completely 
eliminate the use of diesel in a diesel engine. Applied Energy. (Article in 
press) 
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Experimental study on characteristics of a diesel engine fueled by pine oil 
biofuel when blended with biodiesel. In proceeding of: International 
Conference on Applied Energy (ICAE) 2013, Pretoria, South Africa. 
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4.5.  Operation of neat pine oil biofuel in a diesel engine by 
providing ignition assistance  
4.5.1. Problem statement  
In the previous chapter, we presented a strategy to completely 
eliminate the use of diesel through double biofuel strategy. Though the 
intended objective was met, the calorific value of the optimum blend, B50P50, 
was observed to be lower, enabling only comparable engine performance with 
diesel. Further, the higher FFA content of biodiesel is expected to cause 
durability problems like injector clogging and soot deposition in long run. 
Therefore, a suitable approach to accomplish the objective of complete 
replacement of diesel has to be figured out when using pine oil as biofuel.  
4.5.2. Solution and approach  
As a remedy to the above defined problem, we decide to operate pine 
oil in sole fuel mode, instead of blending it with other fuels. It is a well-known 
fact that less viscous and lower cetane fuels are disregarded from being used 
directly in diesel engine without any modification, as their self-ignition 
temperature are higher, which affects the auto-ignition of air-fuel mixture. 
However, after making some modification with the engine design, it is 
possible to help adapt these fuels in a diesel engine. The brief summary of 
operation of less viscous ethanol as neat fuel has been summarized in chapter 
2 and the operational methodologies are clearly depicted in Figure 2.2. From 
the figure and discussion, it can be construed that researchers, thus far, have 
conjured up some ideas to realize this by preheating the inlet air, 
commissioning a glow plug in the cylinder and by operating in HCCI mode. 
For ethanol, the number of holes in the injector nozzle was increased in one 
study to compensate for lower energy density; however, such changes are not 
required for fuels with higher calorific value like eucalyptus oil and pine oil.  
Despite the possibility to engineer several engine modifications to 
support ignition of the fuel, we decided to implement two ignition assistance 
strategies all together for operating neat pine oil in a diesel engine: 1) preheat 
the inlet air supplied to the engine 2) installation of glow plug in the 
combustion chamber. To begin with, some modification in the air supply 
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system has been made, which entails installation of an electric heater in the 
inlet manifold, as shown in Figure 4.37. The heater, with the rating of 5kW, 
has been designated to heat the inlet air from 40°C to 70°C in steps of 10°C 
and thereby, providing ignition support for the operation of neat pine oil. The 
maximum degree of preheat was decided based on the volumetric efficiency of 
the engine, which decreases with the increase in inlet air temperature. A 
thermocouple has been positioned in the inlet manifold, after the heater 
arrangement, to measure the inlet air temperature and incidentally, the 
temperature of the exhaust gases was also measured by a thermocouple, with 
the readings being noted in a temperature indicator. Since this being a constant 
speed engine, the air flow rate, measured by an orifice meter conned to an ‘u’ 
tube manometer, is noted to be constant throughout the experimental study. 
Further, to alleviate any fluctuations, a surge tank has been deployed in the 
inlet manifold and this also ensures constant flow of preheated inlet air.  
 
Figure 4.37: Schematic diagram of the engine experimental setup with heater 
arrangement and glow plug 
Notably, since there prevails a restraint on going beyond certain 
preheat temperature, say 70ºC in the current study, the ignition assistance is 
anticipated to be supplied only partially by the act of preheating the inlet air. 
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Therefore, another measure to completely support the auto-ignition of pine oil 
has to be incorporated in addition to preheating the inlet air. With this 
consideration, a glow plug with a power rating of 12 kW has been deployed in 
the combustion chamber so as to provide additional heat for the ignition of 
pine oil. This is accomplished by screwing the glow plug to the combustion 
chamber at an angle of 45º from the center of the combustion chamber. While 
doing this, the position of the glow plug inside the combustion chamber has 
been accounted in such a way that the injected fuel falls over the heated 
surface of the glow plug and thereby, enabling vaporization and ignition of the 
fuel. In wake of this, additional heat is being supplemented to the compressed 
air, which has been already heated up to certain temperature by means of 
preheating the inlet air through an electric heater. Notably, the glow plug is 
powered by an external battery and the electric current supplied to the helical 
coil of the glow plug is varied by adjusting the resistance.  
4.5.3. Results and discussion 
The combustion in a diesel engine relies on fuel atomization, 
evaporation and mixing with air [238, 239], which in-turn depends on the 
properties of the fuel being tested. Notably, the lower viscosity and boiling 
point of pine oil is believed to have enhanced fuel atomization, evaporation 
and mixing with air, which has resulted in increased peak heat release rate, as 
shown in Figure 4.38. As a result of more complete combustion of pine oil, the 
peak heat release rate is noticed to be 27.1% higher for pine oil at an inlet air 
temperature of 40°C than diesel. However, despite the more active combustion 
and higher heat release rate for pine oil, the occurrence of peak heat release 
rate is shifted towards TDC by 4º CA than that of diesel, affecting the smooth 
operation of the engine, especially at full load condition. In conception, this 
could be attributed to the much lower cetane number of pine oil, which 
prolongs the ignition delay period, and consequently, the accumulated air/fuel 
mixture ignites momentarily to increase the peak heat release rate. Generally, 
when lower cetane fuels are burnt in diesel engine, there is accumulation of 
air/fuel mixture during the delay period and subsequent rise in peak heat 
release rate during the combustion process [93, 164], which is quite obvious 
for the operation of pine oil too.  
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Figure 4.38: Heat release rate for pine oil at different inlet air temperatures under 
full load condition  
 
Figure 4.39: In-cylinder pressure for pine oil at different inlet air temperatures 
under full load condition 
Figure 4.39 shows the in-cylinder pressure curve for neat pine oil with 
different inlet air temperatures. At an inlet air temperature of 40°C, the 
ignition delay was found to be longer for pine oil due to its lower cetane 
number, resulting in sudden increase of in-cylinder pressure. When deeply 
scrutinized, the pressure rise rate for neat pine oil at an inlet air temperature of 
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40°C was tangibly observed to be the maximum. Earlier, the addition of lower 
cetane fuel, ethanol, with diesel has shown to exhibit higher pressure rise rate 
at all engine loads due to longer ignition delay [104], which happens to 
comply with the conclusion of the current study. Further, Anand et al [83], in 
their study using lower cetane fuel, methanol, with biodiesel, have emphasized 
the direct correlation between the degree of smoothness of operation of the 
engine and pressure rise rate, suggesting higher pressure rise rate would cause 
engine vibrations. In a similar manner, the smoothness of operation of engine 
using neat pine oil at an inlet air temperature of 40°C was affected due to the 
higher pressure rise rate 
 
Figure 4.40: Maximum pressure rise rate and ignition delay for pine oil at different 
inlet air temperatures under full load condition 
To avert engine knocking and reduce the maximum pressure rise rate, 
inlet air temperature is increased and with the increase in inlet air temperature, 
auto-ignition of pine oil is noted to be improved. In an attempt to study the 
effect of inlet air preheating on pressure variations and ignition, the maximum 
pressure rise rate and ignition delay for pine oil with different inlet air 
temperatures at full load condition were estimated and are discerned in Figure 
4.40. As evident from the figure, with the increase in degree of preheat 
temperature, the maximum pressure rise rate was reduced and notably, it was 
brought akin to diesel at an inlet air temperature of 60°C. Similarly, the 
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ignition delay gets shortened, abating the sudden increase of heat release rate 
for pine oil. Notably, at an inlet air temperature of 60°C, the ignition delay 
was ably reduced by 3º CA and brought closer to diesel, which has had its 
effect on reducing the peak heat release rate by 24% than for the operation of 
pine oil at an inlet air temperature of 40ºC. In addition to this, it could be 
noted here that the recovery of the ignition delay were not only due to the 
preheating of inlet air but also because of the ignition assistance provided by 
the glow plug. Significantly, when the injected fuel touches the hot heated 
surface of the glow plug, the evaporation and the subsequent combustion of 
the pine oil inside the confines of the combustion chamber is believed to have 
been improved and thereby, bringing the peak in-cylinder pressure and heat 
release rate in par with diesel for pine oil at an inlet air temperature of 60°C.  
The performance parameters such as BTE and BSFC were analyzed to 
study the effect of inlet air preheating on the performance of a diesel engine, 
fueled by neat pine oil. From Figure 4.41, it is certain that pine oil at an inlet 
air temperature of 40°C shows higher BTE than diesel due to enhanced 
combustion. The advantages of lower viscosity and boiling point of pine oil, 
together with the ignition aid of hot inlet air and glow plug, has had enhanced 
its evaporation, resulting in better combustion than diesel. In addition, the 
presence of inbuilt oxygen within pine oil has also contributed in the right 
earnest to improve the combustion process and subsequently, the BTE of the 
engine. The reports of improvement in engine performance on account of the 
prevalence of oxygen within fuel have already been reported in the past for 
other plants based fuels like ethanol and eucalyptus oil [47, 240], which 
accord with the results of current study. However, although the hot inlet air 
provides ignition assistance, BTE decreases with the increase in inlet air 
temperature, as the reduced air density lowers the volumetric efficiency of the 
engine. This in turn affects the BTE of the engine and categorically, at an inlet 
air temperature of 60°C, the BTE for neat pine oil is dropped by 5.2% than 
that at the inlet air temperature of 40°C. However, the loss in volumetric 
efficiency is subtly compensated by the presence of inbuilt oxygen in pine oil 
and hence, for the operation of pine oil at an inlet air temperature of 60°C, the 
BTE was found to be in par with diesel.  
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Herein, the ignition assistance provided by the glow plug has also been 
taken into consideration, which has ably supported for the drop in volumetric 
efficiency with the increase in inlet air temperature. In the present study, with 
the ignition support by glow plug, the BTE was found to be in par with diesel 
for pine oil at an inlet air temperature of 60°C and any increase of inlet air 
temperature beyond 60°C resulted in decrease in BTE below diesel. Therefore, 
60°C is regarded as optimum inlet air preheats temperature for the sole fuel 
operation of pine oil in a diesel engine with glow plug.  
 
Figure 4.41: Brake thermal efficiency for pine oil at different inlet air temperatures 
On the contrary, without the glow plug, higher inlet air preheat 
temperature is required to support the ignition of pine oil, which would cause a 
surge in air density and drop in engine performance. Going by this, it is certain 
that ignition assistance by two measures viz preheating of inlet air and glow 
plug should be mutually coordinated in achieving an optimum balance with 
the engine performance and prevention of knocking. Even in the past, reports 
on employing two strategies such as coating the engine components and 
commissioning of glow plug has been brought fore for the operation of neat 
ethanol in a diesel engine [186], which is in accordance with the strategy 
embraced in the current study on operating pine oil in sole fuel mode.  
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The variation of BSFC for neat pine oil at different inlet air 
temperatures has been discerned in Figure 4.42. The BSFC of the engine for 
pine oil at an inlet air temperature of 40°C happens to be lower than diesel due 
to the more active combustion. Further, unlike ethanol, pine oil has 
comparable calorific value with diesel and hence the decrease in BSFC is 
more prominent for pine oil. The maximum proportion of ethanol added with 
diesel has been restricted due to its lower energy density [50] and any attempt 
to use it as sole fuel demands modifications with fuel injection system [181]. 
However, pine oil overcomes this limitation and hence it has been used as a 
sole fuel in the present study and in consequence, a better engine performance 
is obtained. The decrease in BSFC for pine oil is not only attributed to 
comparable calorific value of pine oil with diesel, but also due to the other 
factors such as lower viscosity, boiling point and surface tension. The 
experimental findings of this study are in compliance with the result of Devan 
et al [47], wherein eucalyptus oil, having comparable calorific value with 
diesel, was shown to have reduced BSFC. Distinctly, when the inlet air 
temperature is increased from 40°C, there is a slight increase in BSFC due to 
the reasons of reduced volumetric efficiency as described above. However, at 
an inlet air temperature of 60°C, BSFC of pine oil has been observed to be in 
par with diesel due to the enhanced fuel properties of pine oil.  
  
Figure 4.42: Brake specific fuel consumption for pine oil at different inlet air 
temperatures 
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In summary, for the successful operation of neat pine oil in diesel 
engine, a compromise between performance and ignition characteristics is 
required. Though the performance is better at an inlet air temperature of 40°C, 
the ignition delay happens to be more. On the other hand, though the higher 
inlet air temperature showed drop in in-cylinder pressure and reduced engine 
knocking, the efficiency was noticed to be decreased. Therefore, on a mutual 
balance, inlet air temperature of 60°C, with the ignition support from glow 
plug, could be claimed as an optimum one for operating pine oil as sole fuel in 
a diesel engine, as both the combustion and performance of the engine was 
found to be akin to that of diesel. 
It is remarkable to note the NOX-smoke trade off from Figure 4.43 and 
Figure 4.44, which is not only evident for conventional petroleum diesel, but 
also for biofuel, pine oil in our case. Even at lower inlet air preheat 
temperature, the smoke emission was observed to be lower for neat pine oil 
than diesel. The reason for the occurrence is backed by the following reasons: 
1) presence of inbuilt oxygen within pine oil has promoted the oxidation of 
soot in the flame region of the spray 2) enhanced combustion of pine oil due to 
its supreme fuel properties, as explained above, raises the in-cylinder 
temperature, accelerating the soot oxidation process 3) C/H ratio of pine oil is 
lesser than diesel, which could have prevented the formation of soot or its 
precursors in the premixed combustion phase 4) more pronounced premixed 
combustion phase (smoke free combustion zone) of pine oil in the event of 
longer ignition delay, has helped in the oxidation of soot. However, with the 
increase in inlet air temperature, the smoke emission is noted to be increased 
because of the negative effect of drop in volumetric efficiency. Categorically, 
at an inlet air temperature of 40°C, the smoke emission for neat pine oil was 
reduced by 38.5% than that of diesel at full load condition whereas at 60°C, 
this decrease in smoke emission was reduced to 16.8%. In the likes of pine oil, 
the other plant based less viscous and lower cetane fuel, ethanol, when 
operated as sole fuel in a diesel engine with glow plug for ignition support, has 
been reported to show lower smoke emission [186], which is in concordance 
with the results of current study using neat pine oil.  
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Figure 4.43: Smoke emission for pine oil at different inlet air temperatures 
 
Figure 4.44: NOX emission for pine oil at different inlet air temperatures 
In contrary to the decreased smoke emission, NOX emission was 
noticed to be increased for pine oil than diesel at full load condition, as the 
higher premixed heat release rate has elevated the peak in-cylinder 
temperature, which is reported to have spurred NOX formation amid the 
oxygen rich environment. Analogically, reports on increase in NOX emission 
due to higher in-cylinder temperature and prevalence of excess oxygen have 
come to light already [241, 242], which accords with the results of the current 
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study. Furthermore, increase in NOX emission for other lower cetane fuels like 
ethanol and eucalyptus oil have been pointed out in this past [47, 186] and 
thus, it worthwhile to categorize that these kind of fuels are prone to liberate 
increased NOX emission in respect of their longer ignition delay. Notably, 
NOX emission for pine oil at an inlet air temperature of 40°C is found to be 
12.2% higher than diesel; however, with the increase in temperature, there is a 
slight decrease in NOX emission, as noted from Figure 4.44. It might be 
argued that the increase in inlet air temperature should increase the NOX 
emission, especially when using oxygenated fuels like pine oil in a diesel 
engine. However, the reduction in peak heat release rate for neat pine oil at 
higher inlet air temperature, due to the combined effect of inlet air preheating 
and incorporation of glow plug, has prevented the sudden raise in in-cylinder 
temperature, resulting in slight decrease in NOX emission. Nonetheless, at an 
optimum inlet air temperature of 60°C, NOX emission was found to be in par 
with diesel.  
 
Figure 4.45: CO emission for pine oil at different inlet air temperatures 
Figure 4.45 reflects CO emission for neat pine oil at various inlet air 
temperatures in a diesel engine with the additional ignition support being 
provided by glow plug. It could be perceived from the figure that CO emission 
for pine oil at an inlet air temperature of 40°C is noted to be decreased at 
higher loads. This decrease could be adjudged on account of promotion in 
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oxidation of CO, caused by the higher in-cylinder temperature and the intrinsic 
presence of oxygen within pine oil. Generally, when oxygenated fuels are 
burnt in diesel engine, the reduction in CO emission is more tangible, which 
has been proved in the past studies with oxygenated fuels like ethanol, diethyl 
ether, eucalyptus oil and methyl esters [24, 47, 105]. This scenario has 
prevailed in the current study too, as the combustion is more active in face of 
better fuel properties of pine oil. However, CO emission was found to be 
increased at lower load when compared to diesel because of the prolonged 
ignition delay and lean burning of pine oil. In conception, the longer ignition 
delay reduces the in-cylinder temperature while the lean burning due to the 
dilution effect happens to decrease the fuel to air equivalence ratio so as to 
increase the CO emission at low load condition. Even in the past, increased 
CO emission due to the lean burning for oxygenated fuels like ethanol and 
methanol have been documented [59, 166], which confirms the occurrence 
noted herein. However, this effect is slightly reduced with the preheating of 
inlet air as the ignition delay and the lean burning of pine oil is reduced to 
certain extent. On the other hand, at higher loads, with the increase in inlet air 
temperature, the CO emission is slightly increased due to the reduction in air 
density. Though the preheating of inlet air and enrichment of oxygen within 
pine oil is ought to promote the oxidation of CO, the decrease in air density 
has curtailed better oxidation of CO. However, when compared to diesel, CO 
emission is observed to be lower up to certain inlet air temperature and 
notably, at an inlet air temperature of 60°C, the CO emission of pine oil is 
lower than diesel by 13.2% at full load condition.  
4.5.4. Conclusions 
Despite the higher self-ignition temperature and lower cetane number 
of pine oil, it was operated as neat fuel in a diesel engine by providing ignition 
support in the form of preheating the inlet air supplied to the engine and 
installing a glow plug in the cylinder. At an inlet air temperature of 40°C, 
when compared to diesel, the engine performance and emission for pine oil 
was observed to be superior. Despite this, the prolonged ignition delay was 
perceived due to the lower cetane number of pine oil at an inlet air temperature 
of 40°C and this has resulted in an increased peak heat release rate and 
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pressure rise rate, inflicting more engine vibrations. However, when the inlet 
air temperature was reached up to 60°C, the ignition delay was shortened and 
as a result, the peak heat release rate and in-cylinder pressure rise rate were 
reduced, enhancing the degree of smoothness of operation of pine oil in the 
engine. Though the BTE of the engine is decreased and emissions such as CO 
and smoke were increased with the increase in inlet air temperature, they were 
found to be appreciable at an optimum inlet air temperature of 60°C. Notably, 
at 60°C inlet air temperature, the CO and smoke emissions were reduced by 
13.2% and 16.8%, respectively, compared to that of diesel at full load 
condition, while the NOX emission and BTE were found to be akin to that of 
diesel. From the insights gained through the experimental investigation of neat 
pine oil in a diesel engine, it is well comprehensible that implementation of 
glow plug is necessary in addition to preheating the inlet air. In a measure to 
arrive at an optimum balance between engine performance and smooth 
operation of the engine without knocking, inlet air temperature of 60°C was 
found to be idealistic and therefore, it could be declared as an ideal inlet air 
preheat temperature for the successful operation of pine oil in diesel engine 
with a glow plug. 
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